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Abstract 
Development of Remendable Polymer Composites  
using a Thermoreversible Reaction 
Amy Michelle Peterson 
Giuseppe R. Palmese, Ph.D 
 
 
 
 
Materials that can repair cracks and recover from mechanical failure are 
desirable. Because remendable materials both repair and prevent the 
propagation of cracks on the micro scale, they offer the potential for increased 
durability, safety, and cost efficiency for many applications. The focus of this 
work was to understand the kinetic and physical parameters that control 
thermoreversible Diels-Alder bond formation in different types of healable 
polymeric systems. Three healing systems were developed based on the 
thermoreversible Diels-Alder reaction of furan and maleimide. In one, crack 
healing of a thermoset was induced by thermally reversible cross-linking of a 
secondary phase. In another, a furan-functionalized epoxy-amine thermoset were 
healed with a bismaleimide solution at room temperature and minimal pressure, 
with significant load recovery possible multiple times. The third system allowed 
for interfacial healing of glass fiber-reinforced epoxy-amine composites via 
compatible functionalization of glass fibers and the polymer network. The Diels-
Alder reaction was characterized in all systems as well as highly mobile small 
molecule solutions. It was found that mobility, coupled with kinetics, dictate the 
extent of reaction and consequent strength recovery.  
  
  
1 
Chapter 1. Introduction and Background 
 
1.1. Motivation 
Synthetic materials with the ability to heal represent an exciting new field of 
research. Since they offer the potential for increased safety and durability, 
remendable materials are particularly desirable for load-bearing applications in 
which material failure is costly and a safety concern.1-3 Healing methodologies of 
polymer networks have focused on two approaches. In one method, polymer 
networks are made to self-heal by incorporating microcapsules filled with 
uncured resin as a secondary phase.1,4-10 Upon fracture, the microcapsules 
rupture and release resin, which polymerizes to heal the crack. Often, a catalyst 
is included in the polymer network to initiate polymerization.1,4,11 The other 
method relies on the inherent reversibility of bonds designed into a polymer 
network.12-20 The reversible nature of these linkages allows for network 
remodeling at the damage site. 
 
Previously reported self-healing chemistries have a number of limitations. 
Healing mechanisms relying on the polymerization of a secondary phase 
thermosetting healing agent are restricted in operating temperature by the 
relationship between the glass transition temperature (Tg) and the cure 
temperature (Tc). When a thermosetting network cures and vitrifies at a 
temperature T = Tc, it will have a glass transition temperature Tg ≈ Tc.21 At any 
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operating temperature T > Tc the polymer network in the healed area will exceed 
Tg and enter a rubbery state and strength will be compromised. When healing is 
the result of reversible bonds within the polymer network, mechanical and 
physical properties are detrimentally affected by an increase in temperature as 
the equilibrium behavior of the reversible bonds is expressed.  
 
The focus of my research has been to develop strategies for healing of damage in 
polymer composites through the use of the Diels-Alder reaction of a furan and 
maleimide, which forms an adduct at room temperature but reverts to the 
reactants at increased temperatures. In particular, my goal is to selectively apply 
the Diels-Alder reaction to polymer composites in such a way that damage can 
be healed through adduct formation across a crack while maintaining the 
thermal stability and mechanical properties that make composites desirable in 
many applications. I am also interested in understanding the kinetic and 
thermodynamic parameters that are significant for thermoreversible bonding 
and the role that mobility of the reactants plays in bonding kinetics and 
equilibrium bond concentrations. 
 
1.2. Diels-Alder Reaction 
The Diels-Alder reaction has been used to prepare many novel and difficult to 
achieve multifunctional polymer networks.22-31 As a click chemistry it offers high 
yields and minimal side reactions under mild reaction conditions. The Diels-
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Alder reaction is a cycloaddition of a diene and a dienophile to form a 
substituted cyclohexene.32-34 In some cases, the reaction is thermally reversible. 
This reversibility makes the Diels-Alder reaction particularly desirable for the 
development of multifunctional polymer networks.  
 
The focus of this section is the application of reversible Diels-Alder chemistries to 
polymer systems to provide additional functionality. A brief overview of the 
Diels-Alder reaction is presented first, including mechanism, examples of 
reactants, and kinetic and thermodynamic data from the literature, followed by a 
discussion regarding common side reactions of Diels-Alder dienes and 
dieneophiles. Examples of polymer systems with Diels-Alder linkages providing 
additional functionality are presented as well as a discussion of polymer network 
design considerations. We begin the discussion of Diels-Alder functional systems 
with linear polymers. A number of reversibly cross-linked systems are also 
discussed including remoldable cross-linked materials, thermally removable 
encapsulants, reversibly cross-linked polymer-solvent gels, remendable 
materials, and recyclable thermosets. The section ends with a review of the 
application of the Diels-Alder reaction to a variety of smart materials.  
 
1.2.1. Background 
The Diels-Alder reaction, shown in its general form in Figure 1.1, was discovered 
by Otto Diels and Kurt Alder in the 1920’s.32,33 A substituted cyclohexene is 
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formed in this reaction through the [4+2] cycloaddition of a diene and a 
dienophile. This reaction proceeds through asymmetric transition states, 
meaning that two transition states are thermodynamically achievable, but one is 
more favorable.35 While the simplest dieneophile, ethylene, reacts poorly with 
dienes, there are many dienes and dienophiles that undergo the Diels-Alder 
cycloaddition readily. Conjugated dienes react as long as they can achieve a 
cisoid geometry.36 Additionally, cyclic dienes tend to be more reactive than open 
chain dienes. Many forms of the Diels-Alder reaction are thermoreversible; that 
is, the adduct will degrade to reform the original diene and dienophile. The 
reverse reaction is known as the retro Diels-Alder reaction. The chemical 
structures of dienes, dieneophiles, and adducts as well as the temperatures at 
which they undergo the forward and reverse Diels-Alder reactions are shown in 
Table 1.  
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Figure 1.1 Generalized Diels-Alder reaction of a diene and dienophile. 
 
 
 
 
 
 
 
 
 
 
 
!
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Table 1.1 Well-know thermoreversible forms of the Diels-Alder reaction. 
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Much of the literature has focused on the reaction of furan (diene) and maleimide 
(dieneophile), presumably because of the mild conditions at which the retro 
Diels-Alder reaction occurs.12,37-44 However, the reactions of maleimide with 
cyclopentadienone,45 fulvene,46 pyrone,47 and anthracene;48-51 of benzene with 
cyclopentadienone;26,52,53 and of quinone with cyclopentadiene54-56 have been 
investigated as well. Cyclopentadiene has also been shown to react reversibly 
with itself via the Diels-Alder reaction, acting as both the diene and the 
dienophile.14,57-61 Additionally, poly(vinyl chloride) demonstrated reversible 
cross-linking when thermal degradation resulted in the formation of polyenes in 
the polymer chain.62 
 
Since the discovery of the Diels-Alder reaction over 80 years ago, many groups 
have investigated important aspects of this reaction’s behavior including reaction 
mechanisms as well as thermodynamic and kinetic concerns. As a whole these 
inquiries have elucidated factors that influence reactivity and reversibility 
including the chemical nature of the diene-dienophile selected, steric 
considerations, reaction conditions, solvents, and diffusion limitations. A 
summary of the kinetic parameters determined for a variety of Diels-Alder 
dienes and dienophiles is provided in Table 1.2; a summary of thermodynamic 
parameters for such systems is given in Table 1.3. My contributions to this area 
are included in Chapters 4.  
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Table 1.2 Summary of Diels-Alder kinetic parameters. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Diene! Dienophile! T (°C)! K! Eaf (kJ 
mol-1)!
Ear (kJ 
mol-1)!
kf (M s-1)! kr (s-1)! Ref.!
Fulvene! Tetracyanoethylene! 20! 1x102 – 
3.25x105!
-! -! -! -! 37!
Cyclopentadiene! Cyclopentadiene! 150 - 
352!
-! -! -! -! 3.5x10-5 – 
5x10-4!
58!
Maleic Anhydride! 25! -! 51.5! 157! -! -! 58!
Furan! Maleic Anhydride! 40 – 60!6.83x10-1 
– 1.24!
-! -! 1.09x10-4 – 
1.12x10-3!
8.81x10-5 – 
1.64x10-3!
35!
Maleimide! 35-65! 5x10-2 – 
1.53x10!
40! -! 9.6x10-6 – 
4.3x10-5!
4.8x10-6 – 
2..15x10-5!
42!
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Table 1.3 Summary of Diels-Alder thermodynamic parameters. 
Diene! Dienophile! T (°C)! "Hf (kJ 
mol-1)!
"Hr (kJ 
mol-1)!
"Sf (J mol
-1 
K-1)!
"Sr (J mol
-1 
K-1)!
Ref.!
Cyclopentadiene! Quinone! 2 – 80! 35.6 – 69.9! 113 - 121! -100.8  - 
-167.8 !
-3.35 - -14.5! 58!
Cyclopentadiene! 27 - 352! 62.3 - 69.9! 138 - 157! -109 - -130! -0.79  – 4.6 ! 58!
Maleic Anhydride! 25! 110! -! -58.2! -! 58!
Ethylene! 300 - 450! -! 179! -! 11.7! 58!
Acrolein! 108 - 242! 63.6! 140.6! -! -54.5! 58!
Butadiene! Butadiene! 170-750! 99.2 – 112! 259! -38.5 - -58.2! 35.2! 58!
Ethylene! 400-750! 115! 231 – 304! -51! -23 – 72.4! 58!
Furan! Maleic Anhydride! 40 – 60! -! 105! -! 0.71! 35!
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The Diels-Alder adduct exhibits endo and exo isomers with different properties. 
The major product of the Diels-Alder reaction is typically the endo adduct. This 
preference has been explained with favorable secondary orbital interactions.63-66 
Additionally, it has been shown that the endo isomer and transition state are 
more stable than their exo counterparts.67 Herndon et al. determined that exo-
dicyclopentadiene is less reactive than the endo isomer by an order of 
magnitude.58 Solvent choice for the reaction of furan and maleimide does not 
affect the isomer produced, although reaction temperature can change isomer 
yields. At 90 °C, the exo product of furan and maleimide, with a melting 
temperature of 162 °C, is achieved. Performing the reaction at 25 °C produces the 
endo isomer, with a melting temperature of 131 °C.37  
 
Neukam and Grimme found that the retro-Diels-Alder reaction was exothermic 
if it combined the formation of an aromatic group with the release of ring strain 
from the adduct.68 They also showed that the cycloreversion of the 
cyclopentadiene and 5-cyanocyclopentadiene adduct can be accelerated by 
deprotonation. Loss of basicity was also proposed to significantly increase the 
rate of cycloreversion.69 Additionally, Brand and Klapper found that substituted 
furans undergo Diels-Alder reaction with normal electron demand and that the 
reactivity of forward and reverse reactions can be controlled by changing the 
donor/acceptor character of the substituent.70  
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The first mention of Diels-Alder reaction order was made by Kwart and King.71 
They reported that the forward reaction of a diene and a dienophile generally 
followed second order kinetics. This finding was corroborated by a number of 
other groups,16,36,55,72 although pseudo-first order conditions can be 
approximated with an excess of either diene or dienophile.73-75 Liu and Hsieh 
found the activation energy of the forward Diels-Alder reaction between furan 
and maleimide groups to be 67 kJ mol-1 in one case15 and 32.1 kJ mol-1 in 
another.16 In other studies the reverse reaction was found to follow a first order 
rate law with an activation energy of 21 kJ mol-1.76 There have been numerous 
investigations of the forward and reverse reaction rates and it is thought that for 
each system an equilibrium is established over a range of temperatures so that 
the equilibrium concentration of Diels-Alder linkages can be controlled by 
setting a temperature in this range. In recent years some studies of reaction 
kinetics in polymer systems have been performed;42,77 my work in this area is 
covered in Chapters 4 and 5.  
 
The Diels-Alder reaction has been studied at solid-liquid interfaces. In the case of 
quinone immobilized on a gold surface reacting with cyclopentadiene, the 
reaction was found to follow a pseudo first order rate law, but the rate constant 
is not linearly related to diene concentration.74 Gawalt and Mrksich propose that 
this behavior is the result of electrochemical oxidation, which creates two forms 
of quinone, with one that is two orders of magnitude more reactive than the 
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other. Production of the highly reactive form is the rate-determining step in this 
reaction. Kwon and Mrksich studied the effect of steric hindrance on reaction 
rate for the reaction of cyclopentadiene with benzoquinone contained within a 
self-assembled monolayer (SAM).54 The rate constant decreased significantly 
when the quinone was positioned below the monolayer interface. When the 
quinone was positioned above the other groups of the SAM, a rate constant 
between 0.18 and 0.22 M-1 s-1 was found, while the rate for quinone below the 
monolayer interface was approximately 0.03 M-1 s-1. 
 
Although click chemistries are often selected because of the dearth of side 
reactions, there are a few secondary reactions in which typical Diels-Alder dienes 
and dienophiles participate. Maleimides react readily with amines, alcohols, and 
thiols through Michael addition.78,79 Maleimides can also homopolymerize.80 
Furfuryl groups have been found to be unstable and can ring open or form 
dihydro- or tetrahydrofuran rings.41,81 The Diels-Alder adduct may degrade via 
aromatization to form an irreversible linkage.39,41 Vinyl addition of some dienes 
and dienophiles has been shown.60 Steric hindrance of reactants can affect the 
extent of the Diels-Alder reaction.40 Some researchers have applied these side 
reactions in the preparation of novel polymer networks.78-80  
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1.2.2. Application of Diels-Alder Linkages to Polymer Systems  
Diels-Alder bonds have been applied to many types of networks to form 
materials designed for a variety of uses, ranging from biomedical50,82-84 and 
encapsulant85-87 technologies to recyclable88-91 and remendable materials.12-14,92-94 
Following a discussion of design considerations for polymer networks 
containing thermoreversible bonds, the sections are organized according to the 
type of polymer developed and potential applications. Taken as a whole they 
provide a comprehensive review of polymer architectures that can be created to 
provide multifunctionality based on the thermoreversible nature of the Diels-
Alder linkage. 
 
1.2.2.1. Design of Polymer Networks 
A polymer network is defined as a polymeric system in which the mer units are 
connected such that numerous paths exist through the macromolecule.95 Cross-
linked networks are desirable because of their mechanical properties, thermal 
stability, and insolubility in solvents. Once cross-linked, a traditional polymer 
network cannot melt. However, when cross-links are formed with Diels-Alder 
bonds, the resulting material is a cross-linked material at ambient conditions but 
can be remolded and mended at increased temperatures.12,38,96,97 One interesting 
result of incorporating thermoreversible linkages is that chains within the system 
can diffuse and stress can relax, allowing for creep of the cross-linked network.98 
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In the design of networks containing reversible linkages, the concentration, 
placement, and type of reversible bonds within the network are very important 
considerations. One method for making such cross-linked networks using diene 
and dienophile reactive groups is to form polymer chains with pendant 
functional groups (diene or dienophile) that cross-link via reaction with 
difunctional molecules38,99,100 or other polymer chains61,101-103 with the 
complementary functionality (dienophile or diene). The other method relies on 
the reaction of multifunctional (f ≥ 3) monomers to form a network.14,57 If the first 
method is used, gelation generally occurs at significantly lower conversion 
compared to the second method because the polymer chains would have more 
functional groups than monomers. The statistical approaches of Flory104-106 and 
Stockmayer107,108 state that as the number of functional groups increases, the 
percolation conversion decreases according to the following equation: 
 
(1.1) 
 
Equation 1.1 assumes a stoichiometric mixture of dienes and dienophiles with a 
difunctional unit consisting of one type of functional group (A) and a branching 
unit consisting of the other type of functional group (B). Additionally, equal 
reactivity of A and B, reactivity independent of conversion, and no 
intramolecular reaction prior to gelation are assumed. Based on Equation 1, 
gelation of a system with branching units of f = 4 (such as those of Chen et al.12,13) 
! 
pc =
1
f "1( )
1/ 2
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is predicted to occur at pc = 0.577. However, the critical conversion of a furan-
modified polystyrene, f = 94.2 (Goussé et al.109), reacting with a bismaleimide is 
0.104. 
 
As shown in Table 1.1, the choice of diene and dieneophile affects the 
temperature at which the Diels-Alder adduct is formed and broken. Different 
desired properties and applications dictate the use of various Diels-Alder 
reactants for particular application requirements. Additionally, and as 
mentioned in the previous section, equilibrium composition is influenced by 
temperature over a considerable range, so not only would mechanical behavior 
be influenced by typical molecular mobility effects but also by changes in 
polymer structure like cross-link density. An example of one of these new factors 
that must be considered in the design of polymer networks peculiar to using 
reversible linkages is the influence of the retro Diels-Alder reaction on the 
viscoelastic behavior. Gotsmann et al. found that the indentation kinetics of a 
polymer comprised of a trisfuran and bismaleimide deviate from Williams-
Landel-Ferry (WLF) behavior.30 The WLF equation, which is given below, is 
related to the principle of time-temperature superposition.110 
 
(1.2) 
 
The time-temperature superposition principle states that for viscoelastic 
materials such as polymers, time is equivalent to temperature. A phenomenon 
! 
log10 aT =
"C1(T "T0)
C2 + (T "T0)
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that occurs over a long time scale at a low temperature is equivalent to the 
phenomenon that occurs over a short time scale at a high temperature. As a 
result, behavior can be determined at a wider range of temperatures and 
frequencies than can be measured. In the WLF equation, aT is the shift factor and 
is positive if the curve is to the left of the reference and is negative if the curve is 
to the right of the reference. T is the measured temperature and T0 is the 
reference temperature, while C1 and C2 are constants. In many cases, C1 = 17.4 
and C2 = 51.6. Deviation from WLF behavior is expected in polymers containing 
Diels-Alder linkages because the number of bonds, and therefore the inherent 
viscoelastic behavior of the material, is temperature dependant. 
 
1.2.2.2. Molecular Weight Control of Linear Polymers  
A significant portion of the literature, including much of the early polymer 
research, on reversible Diels-Alder linkages is concerned with non-cross-linked 
systems.34,45,46,57,60,111 Diels-Alder bonds are desirable in linear polymers for 
control of chain length,103 control of processing viscosity,70 and for improved 
recyclability.112 Ladder polymers have also been prepared using Diels-Alder 
bonds.64,113,114 
 
The first mention of Diels-Alder polymers appears in the patent literature. Upson 
prepared copolymers of p-xylene bis(5-cyclopentadiene) and cyclopentadiene.57 
Cure conditions dictated the physical properties of the resulting polymer. Fusible 
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polymers were obtained with low temperature cure or when short, high 
temperature cure cycles were used. Insoluble polymers were probably formed as 
a result of vinyl addition.60 Kraiman prepared permanently bonded linear 
polymers via the reaction of bismaleimide with cyclopentadienone and alpha 
pyrone.45 In both cases, polymerization proceeded through the Diels-Alder 
reaction, the product of which condensed a smaller group (carbon monoxide and 
carbon dioxide, respectively) and then homopolymerized. Similar polymers 
include the copolymer of bismaleimide and thiophene dioxide, which emitted 
sulfur dioxide,111 the copolymer of bismaleimide and cyclopentadienone, which 
emitted carbon monoxide,115 and the linear polymer of bismaleimide and 
bispyrone, which emitted carbon dioxide.47 
 
Figure 1.2 is a schematic showing the thermally reversible behavior of a linear 
polymer based on Diels-Alder linkages. The first example of reversibly bonded 
polymers appeared in the work of Stille and Plummer.60 Since cyclopentadiene 
can act as a diene and a dienophile, dicyclopentadiene was homopolymerized 
and also copolymerized with p-benzoquinone and a bismalemide. At increased 
reflux temperatures, inherent viscosity decreased, indicating the occurrence of 
the retro-Diels-Alder reaction. Another copolymer formed from the reaction of 
cyclopentadiene with maleimide shows chain extension at 80 °C.103 The reaction 
equilibrium was shifted towards the reactants at higher temperature, while lower 
temperatures decreased the reaction rate. However, even when polymerized at 
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80 °C these opposing phenomena prevent the formation high molecular weight 
polymers.  
 
A similar effect was shown in the polymerization of bisfuran with bismaleimide. 
Kuramoto et al. observed that as the reaction temperature increased from 25 °C 
to 60 °C, reaction rate increased, but chain length decreased.116 Additionally, 
spectroscopic analysis showed that after heating the polymerized system at 90 °C 
for two hours only 20% of the initial maleimide was recovered. This suggests that 
either some of the Diels-Alder adducts could not be reversed at this temperature 
as a result of the chemical equilibrium or that secondary maleimide reactions 
occured. Teramoto et al. reported maximum molecular weights for 
polymerization temperatures of 70 °C and 55 °C for two different 
bismaleimides.89 Molecular weight was shown to decrease when the reaction for 
reaction temperatures above 90 °C and gel permeation chromatography showed 
that the retro-Diels-Alder reaction proceeds rapidly above 100 °C. 
 
A copolymer of bismaleimide and bisfulvene also displays reversibility of Diels-
Alder adducts.46 When heated above 60 °C the polymer demonstrated bond 
reversal through changes in viscosity. Temperature-controlled viscosity and 
molecular weight were achieved for linear polymer systems by Brand and 
Klapper.70
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Figure 1.2 Schematic of a reversibly forming linear polymer of a bisdiene with a 
bisdienophile. Dienes are shown as notched red trapezoids, dienophiles are 
shown as blue triangles, and Diels-Alder adducts are shown as majenta 
trapezoids. 
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Siloxane-modified bisfurans have been prepared and polymerized with 
bismaleimides for application in electronics or coatings.39 To improve thermal 
stability of the material, the Diels-Alder adduct was aromatized by refluxing the 
solid product in acetic anhydride for two hours. Aromatization of the Diels-
Alder adduct was also used to prepare thermally stable polyimides117 and linear 
polymer bearing pendant cyano groups118 that could be further stabilized by 
cross-linking through said cyano groups. 
 
Polymerization of bisanthracene and bismaleimide was reported by Grigoras and 
Colotin.49 The product was an oligomer, perhaps due to steric effects or 
equilibrium with the retro-Diels-Alder reaction at the cure temperature of 120 °C. 
However, thermogravimetric analysis indicates that the retro-Diels-Alder 
reaction occurs between 250 °C and 300 °C in these systems. 
 
Ladder polymers have been synthesized via Diels-Alder reaction. Blatter and 
Schlueter formed a soluble ladder polymer from a bisdiene and a 
bisdienophile.119,120 No mention was made as to the reversible nature of this 
material. Kintzel et al. also prepared a ladder polymer system.121 Loeffler et. al 
examined the reversibility of Diels-Alder-based ladder polymers and determined 
that no degradation occurred as a result of the retro Diels-Alder reaction.113  
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Monomers containing both diene and dienophile functionality are of interest 
because a 1:1 stoichiometric ratio is always achieved. Mikroyannidis prepared 
AB monomers from furfuryl-substitution of maleimic acids.122,123 Goussé and 
Gandini questioned the success of Mikroyannidis based on limited polymer 
characterization and prepared 2-furfurylmaleimide themselves.124 The 
polymerization product following reaction at 90-180 °C for 15 minutes to several 
hours was a brown solid that was insoluble in most solvents. No mention of 
reversibility was made by either group; however, cure temperatures may have 
degraded the maleimide or caused vinyl addition polymerization.125 Cross-
linking through a secondary reaction was apparent in the product achieved by 
Goussé and Gandini due to its insolubility. 
 
Grafting is also possible using the Diels-Alder reaction. Jones et al.48 and Vargas 
et al.50 reported the synthesis of poly(ethylene terephthalate) (PET) with 
anthracene groups. Reaction of these anthracenes with substituted maleimides 
provided hydrophobic and hydrophilic materials, depending on the type of 
maleimide used. This process can be applied to thin films since the Diels-Alder 
reaction occurs below the melting temperature of the polymer. Diels-Alder 
reaction of maleimide end-functionalized poly(L-lactide) with conjugated 
soybean oil resulted in a product of two immiscible reactants.126 
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Compounds with potential biological applications have been prepared through 
diene modification of poly(ethylene glycol) (PEG) derivatives and subsequent 
reaction with maleimides.82,127 Substitution of the maleimide can provide novel 
PEG derivates. Block copolymers were developed based on maleimide- and 
anthracene functionalization of PEG, poly(methyl methacrylate) (PMMA), 
polystyrene (PS) and poly(tert butyl acrylate) (PtBA).25,128 Controlled grafting 
was achieved by protecting maleimide groups with furan. When block 
copolymer synthesis was desired, the system was heated to 110 °C, cleaving the 
furan and allowing for reaction between maleimide and anthracene terminated 
blocks.  
 
1.2.2.3. Remoldable Cross-linked Materials 
Thermosets are desirable for many applications because of their mechanical 
properties, thermal stability, and resistance to solvents. However, once cast, 
cross-linked systems cannot be reformed. The desire to create remoldable cross-
linked networks was the catalyst for developing polymers with thermoreversible 
cross-links. One way to do this is shown schematically in Figure 1.3, in which 
linear polymers with pendant dienes/dienophiles cross-link through reaction 
with bisdienes/bisdienophiles.  
 
Craven was the first to report on a reversibly cross-linking network with chains 
bearing furans cross-linked via reaction with bismaleimides. Upon heating to 
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120-140 °C the material was capable of being reshaped. Although high reversal 
temperatures were used, Craven warns, “‘Reversed’ does not mean that the 
cross-linked polymer product can be completely converted to its original 
components, but that it becomes a more plastic material, capable of being formed 
and shaped.”38 This observation may be the result of secondary cross-linking, 
perhaps through homopolymerization of maleimides or aromatization of Diels-
Alder adducts.  
 
In another example, anthracene-functionalized PET was found to reversibly 
cross-link in the presence of bismaleimides, even when the PET copolymer 
contained just 2 mol% of the anthracene unit.48 Cross-linking was partially (27%, 
according to 1H NMR) reversible upon heating to 250 °C for seven hours. 
Reversible Diels-Alder linkages have also been applied to elastomeric siloxane-
based polymers, with the motivation of developing a recyclable material for tires. 
In this system, pendant furans react with bismaleimides at room temperature 
and adducts break apart at 80 °C.129 
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Figure 1.3 Schematic of a reversibly crosslinking system comprised of a diene-
functionalized linear polymer with a bisdienophile. Dienes are shown as notched 
trapezoids, dienophiles are shown as triangles, and Diels-Alder adducts are 
shown as trapezoids. 
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A phenolic resin was formed through the reversible reaction of acrylated 
epoxidized soybean oil and furan-functionalized phenol. Through multiple 
heating and cooling cycles, a material with improved mechanical properties was 
achieved as a result of increasing consumption of Diels-Alder reactants. Over 10 
heating cycles tensile strength increased from 1.6 MPa to 7.2 MPa and room 
temperature storage modulus increased from 140 MPa to 860 MPa. However, 
after 20 heating cycles, the material became extremely plastic, with an elongation 
to failure of 24%.130 
 
Thermoreversible elastometers were formed through maleimide- and furan-
functionalization of polybutadiene. These materials are only reversible for up to 
5 cycles as repeated heating cycles results in the formation of irreversible 
bonds.131  
 
When cyclopentadiene, which can act as diene and dienophile, was used as the 
pendant functional group, linear polymers cross-linked via reaction with each 
other. Remolding was possible in one system when heated to 150-400 °C, 
although the preferred temperature range was 200-300 °C.100 Kennedy and 
Castner also observed gelation of a cyclopentadienylated polymer. When heated 
to 215 °C, the system was insoluble in hexachlorobutadiene; however, when 
heated to 215 °C in the presence of maleic anhydride, the polymer was soluble 
demonstrating that cross-linking occurred through pendant cyclopentadienes.59 
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This material behaved as an elastomer and could be shaped by a mold when 
cured at 170 °C. A cyclopentadienylated polyphosphazene showed reversible 
cross-linking at a cure temperature of 80 °C and an uncross-linking temperature 
of 160 °C.101 However, degradation associated with a loss of cross-link 
reversibility as well as a mass loss of 15-35% was observed when the polymer 
was heated to 320 °C. Polymers bearing cyclopentadiene groups can be prepared 
with fractions of cyclopentadiene groups up to 29 mol.% by reacting in the 
presence of metallic sodium.61  
  
1.2.2.4. Thermally Removable Encapsulants  
Encapsulants are used in the electronics industry to protect components from the 
environment. Thermosets are often used for their high strength, durability, and 
resistance to heat and chemical degradation. However, it is sometimes desirable 
for these encapsulants to be removed. As a result, thermally removable 
encapsulants have been designed using the Diels-Alder chemistry.132,133 These 
materials are similar in many ways to remoldable materials, except that the 
complete removal of the encapsulant is necessary. Small et al. reported on a 
thermally removable encapsulant from at least one bismaleimide and at least one 
trisfuran or tetrafuran cured below 90 °C.132 Such encapsulants could be easily 
removed by heating above 90 °C, preferably in a polar solvent.  
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Thermally removable epoxies and polyurethanes were developed by Loy et 
al.87,132 The epoxy-based system was prepared by reacting bismaleimide with 
furfuryl glycidyl ether to form a diepoxy, which reacted further with a diamine. 
Below 90 °C, the polymer is a thermoset, but above 90 °C the Diels-Alder adducts 
break apart. Two methods were proposed for the synthesis of polyurethanes: 
hydroxyl-bearing furan reacted with bismaleimide to form a diol, which was 
cured with a diisocyanate; and isocyanate-bearing furan reacted with 
bismaleimide to form a diisocyanate, which was cured with a diol. 
 
Brock et al. developed a “smart” encapsulant fluid capable of flowing into a 
system, polymerizing upon themal stimulus, and being removed upon further 
thermal stimulus.133 The original encapsulant fluid contained a multifuran with f 
≥ 3 and a multimaleimide with f ≥ 2. Either the furans or the maleimides were 
protected with maleimides or furans, respectively, to prevent polymerization 
before it is desired. Upon heating, reactive groups were unprotected and capable 
of reacting with other monomers. Gelation was observed at room temperature in 
3-6 hours. The cross-linked network can then be removed by heating above 120 
°C. 
 
Thermally removable surfactants have also been prepared based on the Diels-
Alder reaction of furan and maleimide. Application of heat causes irreversible 
cleavage of micelles, allowing for simple removal/deactivation.134  
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1.2.2.5. Reversibly Cross-linked Polymer-Solvent Gels 
Due to the high crystallinity of many bismaleimides, a number of polymer 
networks have been prepared in solution, resulting in polymer-solvent gels. Such 
gels could be used for biomedical applications84,135 or as stimuli-responsive 
gels,16 for example. Since the polymer networks are thermoreversible, gels 
become liquid upon heating and reform gels upon cooling. The first mention of 
swelled networks based on Diels-Alder chemistry in the literature was a 
copolymer of polystyrene and N-chloromethylmaleimide cross-linked with a 
difuran and a dicyclopentadiene.99 When cross-linked with the difuran at 80 °C, 
gelation occurred in 15 minutes, and with dicyclopentadiene at 270 °C, gelation 
was observed within 5 minutes.  
 
Thermally reversible hydrogels were prepared by modifying poly(N-
acetylethylenimine) with maleimide and furan.135 Hydrogels were synthesized at 
room temperature in the dark in methanol. Swelling of these gels was controlled 
by the degree of substitution as well as the temperature. A fast forming hydrogel 
based on bonding between furans and maleimides was reported by Wei et al.84 
This hydrogel swells up to 250% in water and is capable of gelation in 10 minutes 
at 70 °C and depolymerization in 25 minutes at 100 °C.  
 
Canary and Stevens compared a copolymer of polystyrene and N-
chloromethylmaleimide cross-linked with difurfuryl adipate and a polymer 
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containing both furan and maleimide groups.81 Gels of both were prepared with 
acetophenone as the solvent. These gels became liquid after 2.5 minutes at 150 °C 
for the maleimide-functionalized polystyrene and within 15 seconds for the 
polymers that were furan- and maleimide-functionalized. However, these 
polymers, particularly the furan-modified one, were rather unstable and the 
authors questioned the practicality of using furfuryl-based polymer networks.  
 
A copolymer of styrene and furfuryl methacrylate was cross-linked using a 
bismaleimide. Gelation was observed after 12 days in toluene for a 12 wt.% 
solution of copolymer136 and after 100 hours in chloroform for a 25 wt.% solution 
of copolymer.76 Solutions in toluene could be reverted to liquid form after 1 hour 
at 110 °C. Further studies showed that unconsumed bismaleimide remains at the 
gel point.72 Additionally, the highest cross-linking efficiency was observed when 
the ratio of maleimide to furan was 0.5.137  
 
Reversibly cross-linking polyamide gels of maleimide-bearing polyamides and 
trisfurans were prepared in N,N-dimethylacetamide and evaluated for their 
thermally-responsive nature.15 As maleimide content of the polymer increased, 
the time necessary to liquefy the gel increased. By drying gels at room 
temperature under vacuum, reversibly cross-linked polyamides were obtained.  
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Hybrid organic-inorganic gels have also been prepared. In one case Diels-Alder 
linkages were applied to couple the organic polymer and the silica matrix.138 
Homogeneity of the gel was controlled by reaction temperature. The linear 
polymer, a furan-bearing polystyrene, could be extracted from the gel by heating 
to 130 °C. Another hybrid gel consisted of an interpenetrating network (IPN) of 
furan- and maleimide- functionalized poly(2-methyl-2-oxazoline) and silica 
gel.139 The IPN increases modulus and solvent resistance, although only 47% of 
reactant was consumed.  
 
1.2.2.6. Remendable Materials 
More recent work in reversibly bonded networks has focused on their 
application for thermally remendable materials. The first report of a thermally 
remendable polymer based on the Diels-Alder reaction came from Chen et al.12 
The polymer consisted of a tetrafuran and a trismaleimide. Based on solid-state 
13C NMR, the bonds in this material were irreversible below 120 °C, showed 12% 
reversibility at 130 °C, and showed 25% reversibility at 150 °C. Healing efficiency 
was evaluated by breaking a compact tension specimen, realigning the surfaces, 
heating at 120-150 °C for two hours to break Diels-Alder bonds, cooling to room 
temperature to reform bonds across the crack surface, and retest the specimen. 
Heating at 150 °C resulted in approximately 50% healing efficiency, while 
healing at 120 °C gave 41% healing efficiency. Although Chen et al. asserted that 
the Diels-Alder reaction of furans and maleimides is irreversible below 120 °C, 
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work from our group and others shows that the reaction equilibrium strongly 
favors the reverse reaction at temperatures above 90 °C. Differences in healing 
efficiencies for healing temperatures above 90 °C likely resulted from higher 
reactant mobility associated with higher temperatures. 
 
Chen et al. also prepared remendable networks using two bismalemides, 1,8-
bis(maleimido)-3,6-dioxaoctane (2ME) and 1,8-bis(maleimido)-1-ethylpropane 
(2MEP) and a tetrafuran.13 A schematic representation of such a system is shown 
in Figure 1.4. These polymers are hard, colorless, and transparent at room 
temperature. Unlike their previous system, which was synthesized in a solvent 
that was evaporated off during cure, the new materials were synthesized in bulk, 
thanks to lower melting point bismaleimides. The polymer network synthesized 
with 2ME could be remolded at 160 °C; however, healing efficiency could not be 
evaluated because the material changed shape at the healing temperature. The 
polymer network prepared with 2MEP softened at 180 °C. When healed at 115 °C 
for 30 minutes, the material exhibited 80% healing efficiency for the first heal and 
71% healing efficiency for the second heal. 
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Figure 1.4 Self-healing thermoset of a tetradiene and a bisdienophile. Dienes are 
shown as notched trapezoids, dienophiles are shown as triangles, and Diels-
Alder adducts are shown as trapezoids. 
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Plaisted and Nemat-Nasser also investigated the mechanical and healing 
properties of the 2MEP4F system from Chen et al.140 They found a fracture 
toughness of 0.71 MPa m1/2. Interestingly, they discovered that healing at 85 °C 
for 30 minutes under reasonable pressure following by 30 minutes at 95 °C was 
sufficient for obtaining maximum healing. This research relied on a different 
geometry for mechanical testing, the double cleavage drilled compression 
specimen, which had the distinct advantage of a self-arresting crack so that 
fractured samples were in one piece following testing. The geometry 
significantly eased the realignment of opposing crack surfaces. The healing 
efficiencies reported for 4MEP4F were generally above 98%, significantly higher 
than that reported by Chen et al. for the same material. 
 
Carbon fiber reinforced composites of the 2MEP4F polymer were prepared and 
evaluated for their ability to heal.141,142 Following flexural damage, specimens 
were healed for 1 hour at 100 °C, resulting in 85-90% healing efficiency. It should 
be noted that great care was taken to prevent fiber damage, and to that end an 
aluminum plate was affixed to the center of the specimen during testing. 
 
Additional work of Wudl and Chen focused on remendable polymers based on a 
variety of multifurans and multimalemides with f ≥ 3.143 As with their other 
systems, these materials are hard and transparent. Above 120 °C, approximately 
30% of the Diels-Alder adducts reverted to furans and maleimides, which 
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reformed Diels-Alder adducts when cooled. Although no mention was made to 
secondary reactions such as adduct aromatization of malemide 
homopolymerization, it seems likely that such phenomena were at work in this 
system, since only 30% of the adducts broke apart at 120 °C, a temperature at 
which the majority of adducts should have reverted to furans and maleimides. 
 
One disadvantage of remendable materials using thermoreversible bonds such as 
Diels-Alder adducts is that the materials are not self-healing, that is, an external 
force is necessary to cause healing. This lack of autonomy is why these materials 
are characterized as remendable instead of self-healing.1 In order to impart 
remendable materials with the ability to self-heal, arrays of conductive elements 
such as copper wires and coils were incorporated in fiber-reinforced composites 
of a trismaleimide tetrafuran polymer from the Wudl group.144  
 
Liu and Hsieh prepared two thermosetting systems that exhibited healing. The 
first polymer consisted of epoxy-based trisfurans and trismaleimides that were 
mixed in acetone and cured at 50 °C for 12 hours. The retro-Diels-Alder reaction 
of the material was observed after heating at 170 °C for 30 minutes. However, a 
cut in the material healed following 2 hours at 120 °C and 12 hours at 50 °C.15 
Polyamides with maleimide and furan functionality were also cross-linked. A cut 
in the surface of the material was healed after 3 hours at 120 °C and 5 days at 50 
°C.16 The low temperature healing is curious since the reverse reaction does not 
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occur below 60 °C. However, healing is possible at 50 °C, provided there is 
sufficient energy to bring furans and maleimides in contact with each other 
across the cut surface, because the reversible nature of the Diels-Alder reaction 
means that bonds are continually being formed and broken to keep the reaction 
at equilibrium.  
 
Atom transfer radical polymerization was used to synthesize polymethacrylates 
with pendant furans and known molecular weights, which were then cross-
linked with bismaleimide.19,20,145 The Diels-Alder bonds were shown to be 
thermally mendable and fully reversible using Fourier Transform Infrared (FT-
IR) spectroscopy and differential scanning calorimetry (DSC).  
 
Remendable polymer networks have also been formed with dicyclopentadiene as 
the only monomer. Upon heating of the monomer to 120 °C, the 
dicyclopentadiene opened via retro-Diels-Alder reaction, allowing the monomer 
to react with other cyclopentadienes. This formed a polymer backbone. Cross-
linking of the system occured through further reaction of backbone 
dicyclopentadiene with cyclopentadiene. The maximum healing efficiency 
achieved was 46%.14 
 
Peterson et al. have developed three remendable systems based on the Diels-
Alder reactions: a reversibly cross-linking network that can be used as a 
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secondary phase healing agent for traditional thermosets;93 a compatibly 
functionalized thermoset-healing agent system in which network damage is 
healed through covalent bond formation across the crack surface;92 a 
thermoreversible and remendable glass fiber-polymer interface achieved through 
compatible functionalization of the fiber surface and polymer network.94 
Synthesis of these materials is covered in Chapter 2 and evaluation of their 
healing ability is the topic of Chapter 3. 
 
1.2.2.7. Recyclable Thermosets 
One disadvantage inherent in thermosetting polymers is the inability to reuse 
them. Once a thermoset has cured, it cannot be made to flow or mold to a 
different shape. However, if cross-links are formed through reversible bonds, in 
theory the cross-links can be removed generating a flowable material that can be 
recycled. Recyclable thermosets employing a number of reactions, including the 
Diels-Alder reaction of furan and maleimide, were proposed by Nakano et al.146 
Higher molecular weight monomer units were used because one condition of the 
material was that the properties of the base polymer not be compromised by 
recyclability. The polymer can be recycled by heating and filtering the system or 
by extracting monomer with solvent. Numerous other systems have been 
studied and are described below. 
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A random copolymer of styrene and furan-functionalized styrene was prepared 
and cross-linked with bismaleimide. Its recyclability was evaluated by heating at 
130 °C in a solution of 2-methylfuran. 2-methylfuran acted as a trap, capturing 
the bismaleimide and preventing re-cross-linking.109  
 
Watanabe & Yoshie developed recyclable polymers from furan-terminated 
poly(ethylene adiapate) and bis- and tris-maleimides.88 The copolymer of furan-
terminated poly(ethylene adiapate) and bismaleimide was a linear polymer, 
while the copolymer containing trismalemide was a cross-linked network. 
Heating of both to 145 °C for 20 minutes reversed the Diels-Alder linkages. The 
linear polymer was found to be recyclable at least four times and the cross-linked 
network was recyclable at least eight times. 
 
Diels-Alder cross-linking materials have also been prepared from renewable 
resources. Reinecke and Ritter developed a dieneophile-modified unsaturated 
oligoester that formed branched networks when reacted with trisdienes and 
formed cross-linked networks when reacted with tetradienes.147  Furfuryl amides 
and sorbic acid were both used successfully as dienes. No mention was made as 
to the reversibility of the network. Laita et al. were also interested in using the 
Diels-Alder reaction to develop novel polymers from renewable resources.40 
They prepared polyurethanes and acrylic copoylmers bearing furan groups. 
Cross-linking with bismaleimides is possible; however, the retro-Diels-Alder 
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reaction did not take place, ostensibly because of aromatization of the Diels-
Alder adduct. A recyclable polymer was formed from poly(butylene succinate). 
Based on the functionality of the linking unit either linear or branched polymers 
were formed reversibly.91 A recyclable shape memory polymer was formed 
through reversible cross-linking of furan-functionalized poly(lactic acid).90  
 
1.2.3. Smart Materials 
A number of materials have been designed that take advantage of the reversible 
nature of the Diels-Alder reaction to have a thermally controllable character. The 
change can be an optical property or conductivity or the formation of a new type 
of polymer network.  
 
Dendrimers, repeatedly branched macromolecules, have been proposed for use 
as sensors and as drug delivery systems. Reversibly forming dendrimers are 
desirable for drug delivery because they can be designed to reach a desired 
target and upon heating break apart to release the chemical payload. Although 
the Diels-Alder chemistry was used previously to prepare dendrimers,26,52,53 
McElhanon and Wheeler were the first to develop a thermally reversible 
dendrimer.57,58 Up to third generation dendrimers were reported based on 
substituted maleimides and disubstituted furans as the dendrons. Dendrimers 
were observed to break apart upon heating and reform when cooled using 1H 
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NMR. In their work, the formation of Diels-Alder adducts much slower than its 
cleavage.  
 
Luo et al. prepared smart nonlinear optical (NLO) polymers with Diels-Alder-
controlled cross-links.148 Organic NLO polymers are desirable for application in 
electro-optic devices with broad bandwidths and low drive voltages. However, 
they suffered from low thermal stability and solvent resistance, both problems 
that could be solved by cross-linking. Polymers chains were functionalized by 
maleimide and furan, with the maleimide initially protected by a furan. Figure 
1.5 shows the reaction scheme for such a system. When cross-linking was 
desired, the system was heated to 125 °C for 30 minutes (deprotecting the 
maleimide) and subsequently cooled (forming the cross-links between chains). 
The resulting cross-linked material retained approximately 80% of its electro-
optic coefficient, r33, value and was significantly harder and more thermally 
stable. 
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Figure 1.5 Schematic of a polymer with thermally controlled crosslinking. When 
crosslinking is desired, the system is heated and dienophiles are unprotected, 
allowing them to react with diene-bearing linear polymers. Dienes are shown as 
notched trapezoids, dienophiles are shown as triangles, and Diels-Alder adducts 
are shown as trapezoids. 
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Thermoreversible fluorescence has been achieved by functionalizing 
chromophores with maleimide. Reacting maleimide-bearing chromophores with 
furan turned on the fluorescence, and the retro-Diels-Alder reaction was used to 
turn off fluorescence. Additionally, reaction of the chromophore with furfuryl 
alcohol resulted in a self-organizing structure. At a low (1.0 mg mL-1) 
concentration, spherical aggregates were formed, and at a high (10 mg mL-1) 
concentration, dendrimers were recovered. Upon heating to 75-80 °C, the 
structures disappeared, but would reappear after stirring at room temperature 
for 6 hours.51  
 
Kim et al. combined these two research areas and developed maleimide-
functionalized NLO chromophores that react with polymers bearing pendant 
anthryl groups.149 Both cross-linking and linear systems were synthesized, 
although cross-linked systems are more desirable for reasons mentioned 
previously. Changing the attaching mode of chromophores on the polymer 
controls the material’s macromolecular architecture. No mention was made 
regarding reversibility of maleimide-anthryl linkages. 
 
Stimuli-sensitive films are designed to respond to a specific stimulus, such as 
temperature, autonomously and in a useful way for the given application. 
Costanzo et al. developed a PEG film containing gold nanoparticles that “bloom” 
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to the surface upon heating.44,150 Figure 1.6 is a schematic representation of this 
system’s behavior. Migration of the gold nanoparticles destroyed weak long-
range order within the film. Gold nanoparticles were functionalized with a 
diblock copolymer of maleimide-terminated polystyrene and furan-terminated 
PEG. Increased temperature cleaved the furan-terminated PEG from the gold 
nanoparticle and made the gold immiscible in the PEG film, causing gold 
migration. 
 
Maleimide-functionalized gold nanoparticles were also prepared by Zhu et al. 
and used in the formation of monolayer protected nanoparticle (MPN) 
networks.79 Like Costanzo et al., Zhu et al. prepared maleimide-functionalized 
gold nanoparticles where the maleimide was initially protected with a furan-
bearing group. Furan can be removed by heating to 100-110 °C for 12 hours and 
subsequently washing. MPN networks were formed by mixing malemide- and 
furan-functionalized gold nanoparticles. These networks, which appeared as 
large insoluble aggregates, broke apart and became miscible upon heating to 100 
°C for 1 hour. This reversibility was possible even after 30 cycles. 
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Figure 1.6 Diels-Alder functionalized particles with controlled dispersion. Upon 
heating, PEG ligands cleave from the particles, making them immiscible in the 
system and causing blooming and aggregation. Dienes are shown as notched 
trapezoids, dienophiles are shown as triangles, and Diels-Alder adducts are 
shown as trapezoids. 
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An organic-inorganic hybrid network has been prepared with gold 
nanoparticles. The network, consisting of furan-functionalized nanoparticles and 
maleimide-functionalized oligomers, is thermoreversible, as are its 
photoluminescent properties.151  
 
Costanzo and Beyer reported an optically active PEG film containing silica 
nanoparticles.152 These silica nanparticles were functionalized in a similar fashion 
to the gold nanoparticles from Costanzo et al. and dispersed throughout the PEG 
film. Upon heating, furan-bearing PEG ligands broke off of maleimide-
functionalized silica nanoparticles. Silica nanoparticles then aggregated as a 
result of their immiscibility in PEG, changing the film from clear to opaque. 
 
1.2.4. Conclusions 
When developing a polymer network based on the Diels-Alder reaction, there 
are a number of parameters that must be considered, such as operating and 
reversing temperatures, concentration and location of Diels-Alder bonds, the 
type of Diels-Alder bonds, and base polymer material properties. These 
parameters, along others that have been discussed, determine the kinetic, 
thermodynamic and mechanical behavior of the material. Although the Diels-
Alder reaction is considered to be a classic click chemistry, there continue to be 
new and exciting applications of the Diels-Alder reaction to polymer networks. 
The range of dienes and dienophiles available as well as the extensive 
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characterization of this reaction in the literature make the Diels-Alder reaction 
highly desirable for application to novel materials. However, to be able to fully 
exploit the reversible nature of the reaction in relation to polymer properties and 
functionality, more work is needed to understand the temperature dependent 
equilibrium behavior of these systems, as well as the influence of diffusion 
limitation imposed by the macromolecular nature of the materials conceived.  
 
1.3. Self-Healing Polymers and Polymer Composites 
Materials that can repair cracks and recover from mechanical failure are highly 
desirable because this functionality increases the material’s service lifetime. 
Remendable materials both repair and prevent the propagation of cracks on the 
nano and micro scale, giving them the potential to be more durable, safer, and 
more cost efficient than traditional materials. Given these desirable 
characteristics, potential applications for these materials range from aerospace 
and military to automotive and structural.  
 
Inspiration for healing materials comes from nature. Natural materials that can 
autonomously heal are omnipresent and include skin,153 bone,154,155 and plant 
matter. Among the many functionalities of living things, the ability to heal is one 
of the most important. However, like all biological processes, healing is complex 
and immensely challenging to replicate in synthetic materials. This is primarily 
due to differences in formation of natural and synthetic materials: natural 
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materials are grown and can adapt, whereas synthetic materials are engineered 
and traditionally static in nature. Biomimicry in healing materials has led to the 
vascularization of composites with “veins” of uncured resin that “bleed” when a 
crack forms.156-161  
 
Healing materials heal cracks as a response to stimuli, which lower the materials’ 
resistance to healing and allow for the initiation of healing. Stimuli can be 
inherent to the material, as is the case for healing via encapsulation of uncured 
resin. For that healing method, the stimulus is the cracking of the material, which 
causes the encapsulation to rupture and uncured resin to flow in the crack as a 
result of capillary action.1 External stimuli can also be used, such as 
temperature12 or exposure to air or water.162  
 
This section focuses on healing of polymers and polymer composites. It begins 
with a brief background, focusing on history and mechanisms of healing. Next is 
a discussion of the many terms used to describe materials that can heal or be 
healed. Overviews of self-healing polymers and remendable polymers are then 
given. The section ends with a discussion of practical considerations for healing 
polymers and a conclusion with thoughts on the future of this field.  
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1.3.1. Background 
Although the field of healable materials is little more than a decade old, research 
in crack healing is present in the literature since at least the late 1960’s.163 The 
most basic form of healing is thermoplastic welding, in which heat is applied to 
thermoplastic surfaces that are in contact with each other. Heat adds energy to 
the system, causing polymer chain diffusion and entanglement across the crack 
surface.164-167 Healing in thermosets is somewhat more difficult because cross-
links limit mobility and entanglement. Therefore, the strategies used to impart 
remendability are more sophisticated.  
 
Mechanisms for polymer system healing can generally be divided into two 
categories: (1) include unreacted material within a cured system in such a way 
that unreacted material detects and repairs failure; (2) choose/design polymer 
systems with chemical and thermodynamic properties that enable materials to 
mend themselves under certain conditions. The first category is generally 
described as “self-healing.”  It is not limited to polymer systems and has also 
been applied in the healing of concrete.168,169 Examples of the second category 
(“remendable”) include ionomers, thermoplastics, and systems containing 
reversible bonds. An increase in the system’s energy (temperature) is often used 
to prompt the healing process and healing occurs as the material cools and 
returns to its ordered state. 
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Although many strategies have been developed to heal thermosetting systems, 
Outwater and Gerry163 and Rahmathullah and Palmese170 have achieved strength 
recovery in unmodified thermosetting systems comparable to that reported in 
systems design to heal. Rahmathullah and Palmese propose that healing results 
from physical interlocking of crack surface. These reports call into question the 
efficacy of healing in thermosets modified to improve healing.  
 
Each of the healing mechanisms explored below have two common 
characteristics. First, molecular mobility is inherent in every one of them. 
Without mobility, material cannot flow into cracks and heal them. Often, 
mobility is induced by adding energy to the system. Second, interactions must 
occur across a crack surface.171 Such interactions include chemical 
reactions,12,172,173 interdiffusion,165-167,174-176 and physical interlocking92,170 Another 
practical consideration is crack size. While a minimum crack size is necessary in 
self-healing systems to break open encapsulations, cracks in all healing systems 
must be small enough to allow for interactions across the crack surface. 
Additionally, it is advantageous to heal cracks on a very small length scale so as 
to prevent propagation to a size too large to heal. 
 
One outcome of the development of healing materials is a paradigm shift in 
material design.177 In the past, materials have been designed to prevent damage. 
However, healing materials are designed to manage or control the development 
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of damage. When designing a healing polymer system for an application, 
operating conditions must be taken into consideration. Additionally, detection of 
material failure and healing is an important consideration178 Detection via the 
release of a UV fluorescent dye3,8 and changes in resistance144 and conductance179 
have been studies for healing and non-healing systems.  
 
1.3.2. Terminology 
A number of terms have been coined to describe the functionality of materials 
that can mend cracks and/or recover strength. These terms include self-healing, 
self-repairing, remendable, autonomic healing, autonomous healing, and 
autogeneous healing. To add to the confusion, many of the materials that purport 
to be self-healing are not and would be better described by another term. Healing 
initiation is inherent to self-healing/repairing materials,180 whereas remendable 
materials require an external trigger for healing to occur.13 Autonomic healing 
was first used to describe the healing via encapsulation pioneered by White et 
al.90 However, the term is now used to describe a variety of healing processes 
based on microcapsules,1,4,5,181-185 vascularized matrices,156-159  hollow glass fibers 
containing uncured resin,2 and polyelectrolyte self-assembly.186 Like self-healing 
and self-repair, autonomic and autonomous healing are defined as healing 
without an external driving force. Autogenous healing is specific to concrete and 
describes concrete’s ability to fill cracks with limestone through interaction with 
water.187 Healing efficiency is generally the fraction of an initial property that is 
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recovered.1 Peterson et al. chose to normalized healing efficiency values to the 
residual properties of an unhealed specimen in an effort to focus on the effects of 
the healing procedure specimens are subjected to.92,94 
 
1.3.3. Self-healing systems 
Self-healing materials respond to crack formation with the release of a liquid-
phase healing agent, generally an uncured resin, from a reservoir. This healing 
agent flows into the crack where it polymerizes. White et al. reported on the first 
self-healing polymer system, a schematic of which is shown in Figure 1.7.1 The 
self-healing system consisted of microencapsulated dicyclopentadiene (DCPD) 
within an epoxy network. Ring-opening metathesis polymerization (ROMP) of 
the DCPD was catalyzed by Grubbs’ catalyst in the epoxy matrix. They have 
since branched out to a number of other delivery mechanisms and chemistries, 
which will be described below.5,6,11,156,159,182,188 Additionally, a number of other 
groups have reported on healing systems in which latent material is included in 
the polymer matrix.2,3,9,92,189-195 Self-healing has also been successfully applied to 
corrosion inhibiting coatings,157,196-201 elastomers,108 composite sandwich 
structures,202,203 and fiber-reinforced composites.8,181,194,204 
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Figure 1.7 Schematic for microcapsule-induced healing. (a) A crack forms in a 
polymer containing uncured resin encapsulated in a polymer shell and catalyst 
for the polymerization of said uncured resin. (b) This crack propagates through 
microcapsules, rupturing the microcapsules and releasing the uncured resin into 
the crack. (c) Resin comes into contact with catalyst, inducing polymerization 
and crack healing. (Ref. 1) 
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Modeling of flow-driven healing can potentially provide improved 
understanding of self-healing mechanisms. One numerical method modeled the 
three stages of failure and healing: (1) crack nucleation and growth, (2) transport 
of the fluid material, and (3) rebonding of the crack faces through chemical 
reaction of the healing agent.205 According to this model, fluid pressure during 
stage three is the main parameter that triggers healing. Other important 
parameters that control healing include time needed to form bonds and the 
strength of bonds formed through chemical reaction. 
 
A self-healing system consisting of a flow-driven capsule containing 
nanoparticles that moves along an adhesive surface was also modeled.206 The 
capsule was designed to detect damage by changes in adhesive properties and 
respond by releasing nanoparticles that will fill the damage site. Such a system 
has not been synthesized, although the authors suggested a hydrophilic capsule, 
hydrophobic surface damage and either Janus beads or hydrophilic particles 
with some labile hydrophobic ligands for the nanoparticles. 
 
Numerous strategies have been investigated for storage of healing agent and its 
subsequent delivery to a damage site. The first storage methods relied on 
encapsulation of healing agent in polymer microspheres or glass capillaries 
tubes3 within a resin matrix. Later generations of self-healing systems used 
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nanospheres4 and direct-write-159 and naturally-formed vascular networks.161 
Reviews of each of these methods will be presented in the following sub-sections.  
 
1.3.3.1. Healing Agent Encapsulation 
Self-healing via healing agent encapsulation includes any system in which the 
healing agent is incorporated in the polymer prior to cure. The healing agent can 
be incorporated within polymer shells, hollow glass fibers, or the polymer 
network itself through cure-induced phase separation. Healing agent selection is 
dictated by a number of parameters including viscosity, degradation under 
ambient/operating conditions, reaction kinetics, and type of material failure. 
Table 1.4 summarizes encapsulation methods, network and healing agent 
chemistries, and resulting healing efficiencies. 
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Table 1.4 Summary of encapsulation methods. 
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1.3.3.1.1. Poly(urea-formaldehyde) microcapsules 
In the healing systems first proposed by White el al., dicyclopentadiene (DCPD) 
was encapsulated within a polymer shell and incorporated in a matrix that 
contained Grubbs catalyst, a catalyst for DCPD polymerization. When a crack 
formed, it propagated through the polymer, eventually encountering and 
rupturing a microcapsule, releasing DCPD into the crack surface. The DCPD 
contacted catalyst and polymerized, repairing the crack. This mechanism 
provided over 100% recovery of the polymer network’s virgin fracture 
toughness, depending on microcapsule and catalyst loading.1,207 Healing 
efficiency greater than 100% was partly explained by a 20% increase in critical 
load when DCPD-filled poly(urea-formaldehyde) (UF) microcapsules and 
Grubbs catalyst were added to the system. 
 
The addition of DCPD-filled UF microcapsules also had the effect of significantly 
increasing the inherent fracture toughness of the epoxy matrix, with the 
maximum value achieved at 10 vol.%208 For systems containing microcapsules of 
diameters less than 15 µm, toughening was attributed to shear yielding, while 
toughening for systems with larger microcapsules was the result of both shear 
yielding and microcracking207 Additionally, DCPD caused crack-tip shielding 
through viscous flow as a liquid and crack closure as a polymer. Liquid-filled 
microcapsules increased fracture toughness by up to 127%.209,210 This toughening 
improved fatigue strength as well.  
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Fatigue life extension was dependent upon mechanical and chemical kinetics of 
the healing systems. Chemistry dictated the extent of healing agent 
polymerization while mechanics dictated crack growth.211 Healing under cyclic 
loading was observed when the healing rate was faster than the crack growth 
rate. Crack propagation was not slowed in systems when the fatigue life was 
significantly shorter than DCPD’s gelation time (10 hours). Additionally, resting 
periods were necessary for healing when the crack propagation was faster than 
the healing rate. To maximize healing, the resting period should occur at or 
above Kmax. With a resting period of 10 hours at zero load, cracks closed but 
opened again after a few cycles. However, after 10 hours at Kmax fatigue life was 
extended 73-118%.210 Fatigue life grew in proportion to the frequency of resting 
periods, up to 300% for a system with seven resting periods.212  
 
DCPD microcapsules were synthesized by in situ polymerization of urea and 
formaldehyde. Most self-healing systems have used microcapsules on the order 
of 100 µm. However, there has been investigation of healing with significantly 
smaller microcapsules.4,213 Smaller microcapsules are desirable for systems with 
characteristic lengths less than 100 µm, such as thin films or composites with 
small interstitial spacings. Nanoscale capsules were synthesized by sonicating 
the emulsion immediately before polymerization of urea and formaldehyde. An 
ultrahydrophobe was added to reduce Ostwald ripening. With these 
modifications to the encapsulation procedure developed by Brown et al., 
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capsules as small as 220 nm were prepared.4 Images of micro- and nanocapsules 
are shown in Figure 1.8. Fracture toughness increased much more significantly 
with volume fraction of particles for 1.5 µm microcapsules than for 180 µm 
microcapsules. However, the healing ability of larger microcapsules was greater 
than that for smaller microcapsules at a given weight fraction. Maximum healing 
was achieved when the entire crack volume was filled, and the amount of 
healing agent available is proportional to microcapsule weight fraction and 
diameter. Therefore, self-healing systems can be designed to effectively heal 
specific types of cracks. 
 
Compression testing showed that smaller microcapsules were able to withstand 
greater loads before failure. However, the shell wall modulus was constant at 3.7 
GPa. The failure event was the result of localized damage and led to leaking from 
the microcapsule although shell walls remained intact after failure.214 
Deformation of microcapsules characterized using a water-filled UF 
microcapsule showed that deformation decreases with increasing shell wall 
thickness and decreasing surface roughness and diameter. These conditions also 
resulted in increased thermal stability, up to 180 °C.10 As a comparison, other 
work found UF capsules stable up to 120 °C. 
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Figure 1.8 SEM images of microcapsules (left) and nanocapsules (right). (Ref. 
207, 4) 
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ROMP of DCPD using Grubbs catalyst was selected for a self-healing system 
because it satisfied certain design specifications, mainly long life, low monomer 
viscosity, and rapid polymerization. DCPD has two isomers with different 
reactivities. Commercially available DCPD consists primarily (< 95%) of the endo 
isomer. The rate of ROMP for exo-DCPD is much faster than endo-DCPD, which 
is believed to be the result of steric interactions between the substituents of the 
approaching endo monomer and the propagating center-containing 
cyclopentane.215 Understanding the properties of both DCPD isomers can result 
in the ability to tailor the rate of polymerization for a given application. 
Although exo-DCPD has a higher reaction rate, healing efficiency of exo-DCPD 
was lower than that of endo-DCPD because the increased reaction rate did not 
allow time for dissolution of catalyst and wax microcapsules.216 The amount of 
each isomer and catalyst can be optimized to increase healing efficiency and 
decrease healing time under specific conditions.  
 
Differential Scanning Calorimetry (DSC) of DCPD provided information about 
its room temperature cure behavior. All specimens showed a residual heat of 
reaction peak, which decreases with cure times up to 240 min. An endothermic 
peak associated with the melting point of DCPD disappears after 30 min of cure, 
while the Tg appeared after 60 min. Although conversion increased from 0.20 to 
0.67 after 480 min of cure at RT, a conversion of 0.98 was achieved after 2 min at 
120 °C. Furthermore, the Tg of DCPD cured for 480 min at RT was 20 °C, as 
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compared to 140 °C for cure at 120 °C.126 The effectiveness of healing was 
dependent upon the rigidity and strength, and consequently the Tg, of the 
healing agent. A crack healed with DCPD cured at room temperature may not 
remain healed at increased temperatures. 
 
Grubbs catalyst exists in three morphologies: large crystals, crystal rods, and 
disks. Each has distinct properties that are desirable for different healing 
applications. Large crystals are active at higher temperatures than crystal rods, 
while specimens containing crystal rods fail at significantly larger (4x) loads than 
those containing large crystals.114 Additionally, large particles have much slower 
dissolution kinetics but are less susceptible to deactivation by amines. First and 
second generation Grubbs catalyst were compared and it was found that the first 
generation form was more effective at catalyzing healing agent polymerization in 
numerous polymer networks.217 
 
The original healing system contained particles of Grubbs catalyst dispersed 
throughout the epoxy-amine resin, which resulted in uneven catalyst dispersion 
and deactivation of Grubbs catalyst by the amine curing agent. Encapsulating 
catalyst within a wax shell solved these problems and resulted in improved 
healing efficiency with a catalyst loading approximately an order of magnitude 
less than previously reported.211,218  
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Fatigue life modeling of the healing process was perfomed using 
phenomenological and mechanism-based approaches. The phenomenonlogical 
approach accurately modeled crack growth for specimens containing wax-
protected catalyst. Specimens with non-protected catalyst exhibited higher than 
predicted crack lengths, particularly at longer times, presumably as a result of 
catalyst deactivation as well as its heterogeneous dispersion.219 The mechanistic 
approach predicted fatigue life extension as a result of the healing kinetics, but 
deviations from experiments still occurred because the model did not account for 
certain physical parameters.  
 
Healing is very dependent on damage size. With that in mind, self-healing 
specimens were prepared that contain shape memory allow (SMA) wires. The 
SMA wires were heated to 80 °C during healing to close the crack and also cure 
DCPD at an increased temperature. Healing efficiency increased with crack fill 
factor (volume of delivered healing agent/crack volume), reaching a measured 
maximum of 80% at a fill factor of ≈ 6.4.220 
 
Epoxy-based resins are often used as structural adhesives. In this type of 
application, the polymer is used to bond two metal pieces, making the adhesive 
phase and the interface between the adhesive and metal the most likely locations 
for failure in the specimen. Encapsulated endo-DCPD and Grubbs catalyst were 
incorporated within an epoxy adhesive and its healing ability was evaluated. 
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This system was capable of recovering 56% of the initial fracture toughness and 
completely arrested fatigue-induced crack growth.221 
 
There are a number of limitations to the DCPD/Grubbs catalyst healing system. 
In particular, the chemicals are expensive and only available in limited quantities 
and vitrification of the healing material at room temperature can result in 
ineffective healing at higher operating temperatures.222  
 
A potential method of improving healing at increased temperatures is the 
addition of another monomer. 5-ethylidene-2-norbornene (ENB), a molecule with 
higher ROMP reactivity than DCPD, was blended with DCPD and ENB cross-
linking agents to form a cross-linked network for healing.129 Increased cross-
linker content decreased swelling, molecular weight between cross-links (Mc) 
and gel time and increased Tg, room temperature storage modulus, and resin 
viscosity.223 A model based on Grubbs catalyst dissolution was recently 
developed to aid in the selection of new ROMP active healing agents.224  
 
Most studies of UF-encapsulationed DCPD investigated healing of epoxy-amine 
networks or fiber-reinforced composites, but this healing agent has also been 
used to heal vinyl esters. Thick wax layers were required around the Grubbs 
catalyst in order to allow vinyl ester cure to proceed in its presence; however, 
even with wax capsules 98 µm thick, room temperature cure only reached 70% 
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completion and remained ductile. Healing efficiencies of 22-49% were observed, 
with exo-DCPD acting as a more effective healing agent at with less catalyst.184  
 
A vinyl ester system was also used as a model for bone cement (PMMA). Self-
healing of bone cement is desirable because manual repair is complicated, 
expensive, and painful to the patient. Manual injection of acrylic monomers and 
amine activators into a crack surface containing encapsulated initiator resulted in 
recovery of 80% of peak fracture load.225 
 
One alternative to DCPD is a liquid epoxy resin such as diglycidyl ether of 
bisphenol A (DGEBA). Epoxy resins are more thermally stable and decompose at 
higher temperatures than DCPD; therefore, microcapsules containing epoxy 
resins can be used in systems with more extreme processing and operating 
conditions. A healing system consisting of an epoxy matrix, UF-encapsulated 
DGEBA, and CuBr2(2-MeIm)4 (curing agent) dissolved within the epoxy matrix 
demonstrated significant healing. Up to 111% recovery of fracture toughness as 
compared to the non-healing system was reported.130 Recovery was highly 
dependent on the amounts of healing agent and latent curing agent. High (68%) 
recovery of interlaminar fracture toughness in GFRC demonstrated potential for 
this healing system in polymer composites. 
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Yuan et al. evaluated stability of UF microcapsules. After 6 months at ambient 
conditions, microcapsules had almost identical surface morphology, 
demonstrating good stability. However, after two days in acetone significant 
deformation was observed.226 Micrographs of microspheres are given in Figure 
1.9.  
 
Self-healing of a poly(dimethyl siloxane) (PDMS) elastomer has also been 
demonstrated. In this case, microcapsule rupture was induced by capsule 
deformation instead of rupture due to crack propagation to the more compliant 
phase (as is the case in a linear elastic material). The healing system was a two-
part PDMS consisting of vinyl-functionalized PDMS and platinum catalyst in one 
part and a hydrosiloxane copolymer in the other. When both parts were 
encapsulated and incorporated in the PDMS elastomer, 70-120% of tear force was 
recovered. Healing efficiency increased with resin capsule concentration up to 15 
wt.% and initiator capsule concentration up to 5 wt.%.11 
 
A PDMS healing chemistry was subsequently investigated for healing of epoxy-
amine networks. 11-52% healing efficiencies were reported, with healing 
efficiency increasing with PDMS molecular weight and the use of an adhesion 
promoter.182  
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Figure 1.9 Microspheres after immersion in acetone for varying amounts of time. 
(Ref. 219) 
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Solvents have also been investigated for their ability to heal epoxy-amine 
networks. Chlorobenzene, when encapsulated in UF and included in a cross-
linked epoxy-amine matrix, demonstrated 82% healing efficiency as compared to 
the virgin peak load 132. For healing to occur, fracture surfaces had to maintain 
intimate contact. Excess amine improved healing, whereas cross-link density of 
the epoxy system was inversely related to healing efficiency. With this in mind, 
solutions of epoxy were encapsulated for self-healing. The encapsulation 
procedure was modified by decreasing the shell wall material and water phase 
by half in order to prevent the formation of microcapsules with a thick surface 
layer of pourous UF.5 Healing efficiencies greater than 100% were reported for 
the 15 wt.% epoxy in chlorobenzene system. 15 wt.% epoxy in ethyl 
phenylacetate also recovered over 100% of the fracture peak load. However, 
stability of these solvent-based systems is limited, with healing decreasing to 
80% and 60% after 30 days for the chlorobenzene and ethyl phenylacetate 
solutions, respectively.185 
 
1.3.3.1.2. Poly(melamine-formaldehyde) microcapsules 
Poly(melamine-formaldehyde) (MF) microcapsules have been studied as 
alternate to UF microcapsules. MF exhibits increased mechanical and thermal 
stability. DCPD-filled MF microcapsules showed better thermal stability, with a 
Td (5% weight loss temperature) 10 °C higher than UF microcapsules.227  
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While DCPD-filled MF microcapsules have not been evaluated for healing 
ability, MF microcapsules filled with glycidyl methacrylate and 
epoxy/mercaptan were effective at healing an epoxy-amine network.190,192 
Encapsulated glycidyl methacrylate was also used to healing PMMA. Since the 
PMMA was synthesized via atom transfer radical polymerization (ATRP), it was 
a living polymer and healing occurred through reaction of glycidyl methacrylate 
with the living (free radical-bearing) end of a PMMA chain. This system 
demonstrated 100% healing efficiency and is an interesting application of living 
polymerization.191 As a proof of concept, successive layers of acrylate monomers 
were reacted onto a PMMA surface. The result is shown in Figure 1.10.  
 
Epoxy and mercaptan were encapsulated to form a two-part healing system for 
an epoxy-amine network. Similar capsule sizes and loading fractions of the 
epoxy and mercaptan were important for healing, as mismatching caused local 
deviations from stoichiometry. As previous work has shown, matching crack and 
capsules size is important. For this system, more catalyst (benzyldimethylamine) 
resulted in higher healing efficiencies. By varying these parameters, healing 
efficiencies above 100% were achieved over a range of crack sizes, microcapsule 
loadings, ratios of epoxy:mercaptan microcapsules, and healing times.228 
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Figure 1.10 Multilayer structure of acrylated monomers reacted with a living 
PMMA surface. (Ref. 191) 
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 Other chemistries have been encapsulated, but their healing ability has not been 
evaluated. Pentaerythritol tetrakis (3-mercaptoproprinoate), a polythiol, has been 
encapsulated for application as a curing agent in a two-part healing system. 
Microcapsules containing the polythiol demonstrated high thermal stability and 
long term stability.229 Styrene was also encapsulated successfully in a MF shell.230 
 
 
1.3.3.1.3. Epoxydiacrylate-HPMAS 
Epoxy-filled microcapsules were prepared via UV-irradiation. UV-initiated 
radical copolymerization of epoxydiacrylate and sodium 3-methacryloyloxy-2-
hydroxy propane sulphonate (HMPAS), an emulsifier.231 These microcapsules 
demonstrated high thermal stability (Td ≈ 300 °C) and a relatively small size 
distribution (5-35 µm, average 10.4 µm). These capsules were combines with 
microencapsulated boron trifluoride diethyl etherate to form a two-part self-
heaing system, with healing efficiencies up to 86%.193 
 
1.3.3.1.4. Glass Tubes 
Bond et al. designed fiber-reinforced composites in which hollow glass fibers 
served as both reinforcement and storage for healing agents. In addition to 
restoring the mechanical integrity of the polymer system, they also aimed to 
improve visibility of damaged areas by including a UV fluorescent dye within 
encapsulations.3,8 Hollow glass fibers (60 µm external diameter) were filled with 
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a two-part epoxy system, UV dye, and acetone, and set up in prepregs. 
Composites were constructed such that all glass fibers in a layer were positioned 
in the same direction and the glass fibers in the next layer were perpendicular to 
the aforementioned glass fibers. Each layer consisted of fibers containing either 
the epoxy repair agent or the hardener. UV dye improved crack detection, while 
acetone decreased the resin system’s viscosity and eased the filling of hollow 
fibers. Although healing was only initiated when the impact was great enough to 
fracture the glass fibers, the threshold impact energy could be tailored by 
manipulating the number and position of layers. Additionally, emptied hollow 
glass fibers can sustain loading.194 Like other materials that use encapsulations, a 
specimen could only heal once in a given location. A large advantage to this type 
of system is that UV fluorescent dye ensured that the failure site could be easily 
located, as shown in Figure 1.11. The authors recommended this self-healing 
mechanism as a method to limit damage propagation, not as a permanent 
solution. 
 
In specimens healed with hollow glass fibers filled with a healing agent, slower 
curing at room temperature was more effective than faster curing at increased 
temperatures because gel time at room temperature was much greater than at 
increased temperature, allowing for greater resin flow to cracks. 10% of flexural 
strength as compared to damaged specimens was regained after 24 hours at 
room temperature, while just 1% was recovered after 1.5 hours at 40 °C.8 
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Figure 1.11 Damage detection with a UV dye in a fiber-reinforced composite 
following impact. (Ref. 3) 
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 Specimens were prepared, stored, impacted, allowed to heal for 24 hours at 
room temperature, and then broken during four-point flexural testing. Impact 
broke the hollow glass fibers, causing epoxy and hardener to mix and cure. As 
storage time increased, the amount of healing observed decreased. Initially (zero 
storage time), samples regained 93% of undamaged flexural strength. However, 
after nine weeks, the flexural strength regained was comparable to that of a 
sample without self-healing capabilities.8 This decrease in strength recovery 
resulted from resin degradation caused by a reaction between the resin, UV dye, 
and acetone. Another concern with such a system is sufficient mixing of the 
epoxy and the hardener to allow for optimal polymerization. 
 
To avoid problems with sufficient mixing of the epoxy and hardener a system 
with long (≈ 24 hour) gel time was premixed and used as a healing agent. 
Williams et al. evaluated healing following impact for CFRP containing this type 
of healing agent. Following impact, specimens were healed a 75 °C for 45 
minutes and 125 °C for 75 minutes to ensure optimal results. Recovery of up to 
95% of the undamaged properties was observed.195 
 
One way to overcome the mixing problems of a two-part epoxy is through 
compatible functionalization of healing agent and polymer network. We have 
developed a bismaleimide solution healing agent that is capable of 70% recovery 
of peak fracture load upon direct application of the healing agent. Healing of 
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GFRP was achieved by embedded glass capillary tubes filled with the healing 
agent in the composite, resulting in 20-48% healing efficiency where healing 
efficiency is normalized by the residual strength of an unhealed specimen. 
Chapters 2 and 3 include further discussion of this system.92 
 
Glass tubes are generally filled through a combination of pressure differences 
and capillary action. When one of these tubes is crushed during a damage event, 
the flow of healing agent into the damage site may be limited by this capillary 
force and related desirable surface energies. Dirlam et al. developed glass 
surfaces with switchable surface energies based on the Diels-Alder reaction.232 
With this type of system, glass tubes can provide pressure to release healing 
agent simply as a result of a change in surface energy. While the concept was 
demonstrated effectively on glass surfaces, attempts to create self-pressurizing 
tubes were unsuccessful because of incomplete surface coverage or surface 
rearrangement. 
 
1.3.3.1.5. Phase separation 
In addition to polymer or glass shells, healing agents can be encapsulated within 
the polymer network itself through phase separation. Phase-separated droplets 
of hydroxyl end-functionalized PDMS (HOPDMS) and polydiethoxysiloxane 
(PDES) were formed within a vinyl ester matrix along with encapsulated di-n-
butylin dilaurate, which acted as a catalyst. Synthesis was simplified by a phase 
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separated healing agent, as the HOPDMS-PDES mixtures and microcapsules 
were directly mixed with the VE resin. When the matrix cracked, HOPDMS-
PDES filled the crack surface while microcapsules ruptured and catalyst was 
released, causing polymerization of the HOPDMS-PDES resin.128  
 
A maximum healing efficiency of 24% as compared to the initial self-healing 
system was reported (46% as compared to the neat vinyl ester system). PDMS 
has poorer mechanical properties than VE, which is one reason for the low 
healing efficiencies. One advantage to the PDMS-based healing system is its 
stability at elevated temperatures and humidities. Healing was even possible 
underwater, although the fracture strength for specimens healed underwater 
was ≈ 25% lower than that for specimens healing in air.128  
 
1.3.3.1.6. Other Encapsulation Methods 
A number of other encapsulation techniques have been demonstrated, although 
the healing ability of these microcapsules has not been reported. ENB and a 
cross-linking agent were encapsulated within poly(melamine-urea-
formaldehyde) shells. These capsules were thermally stable up to 300 °C and 
were easier to prepare than UF microcapsules.233 Interfacial polymerization of 
isocyanate and amine by an inverse Pickering emulsion resulted in amine-filled 
microcapsules. Capsules were spheroid in shape with some irregularities. 
Crushed capsules reacted with epoxy, forming a film and demonstrating the 
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reactivity of the encapsulated amine.7 Double walled microcapsules of 
polyurethane (PU) and UF were prepared in a single synthesis procedure. These 
microcapsules were more robust than their UF analogues, with little mass loss 
after extended time at 180 °C and increased compressive strength.234 
 
Sheng et al. are also developing alternate healing agent chemistries. They 
investigated copper (I)-catalyzed azide-alkyne cycloaddition (CuCAAC), a 
highly efficient and robust click chemistry and found certain forms to be suitable 
for self-healing applications.235  
 
Molecular dynamics simulations indicated that carbon nanotubes (CNTs) could 
act as effective healing agent reservoirs. CNTs are intriguing as a healing agent 
encapsulation because they would act as a reinforcing filler material as well, even 
after rupture. Organic molecules could escape from a CNT in simulations, with 
the amount of organic material released dependent on the size of crack as well as 
temperature. However, a saturation point was reached within hundreds of 
picoseconds after which no further release was observed.236 
 
1.3.3.2. Vascular Networks 
As the field of self-healing has progressed, complexity of the systems has 
increased. This tendency, along with the desire to design as nature does, is 
apparent in self-healing, particularly in the form of vascularized materials.103 
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These systems are inspired by the body’s ability to pump blood through arteries 
and veins and capillaries, ready to come to the surface and coagulate at a wound 
site.85, 89a A summary of these systems, along with network and healing agent 
chemistries and resulting healing efficiencies, are included in Table 1.5. Images of 
selected vascular networks are shown in Figure 1.12. 
 
Vascular network design is an important consideration and can be used to 
optimize healing for a given material and application. Bejan et al. used 
construtural theory to determine the network structure optimally configured to 
provide healing agent to any place at any time.120 The grids researched all had 
characteristic lengths the size of the cracks the system was designed to heal. The 
optimal grid structure for such a network contained channels of multiple sizes. 
Increases in the number of channel sizes resulted in improvement in global flow 
resistance.121 Although grids are very robust, the authors found that tree-shaped 
architectures were better for materials in which potential crack locations are 
known.  
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Table 1.5 Summary of vascular network healing methods. 
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Figure 1.12 Images of vascular architectures achieved with different methods. (a) 
Direct-write assembly; (b) Dual ink direct-write assembly; (c) Metal wires; (d) 
Electro-hydrodynamic viscous flow. (Ref. 159, 156, 160, 161) 
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Williams et al. developed a Failure Modes, Effects and Criticality Analysis 
(FMECA) for assessing the reliability of self-healing vascular networks.237 With 
this approach, they developed strategies for improving vascular system 
including redundancy, monitoring, network segregation, filtering, fluid renewal, 
and novel resin systems. However, they cautioned that each of these strategies 
could make the overall system less efficient (more costly, heavier, more down 
time) and suggested that the FMECA be used in the design stage so as to 
optimize a system for a given application.  
 
Three dimensional (3-D) grid structures for vascularized healing structures were 
fabricated using direct-write assembly of a fugitive organic ink. The 3-D grid of a 
paraffin-based wax was deposited, followed by epoxy resin infiltration and 
curing. The grid was removed by heating the material under vacuum, leaving 
cylindrical channels 300 µm or smaller.122 When microvascular networks were 
infiltrated with DCPD and Grubbs catalyst was incorporated in the epoxy, these 
specimens were capable of healing up to seven times, with an overall average of 
68% healing efficiency.103  
 
A two-part epoxy-amine chemistry was incorporated within two sets of distinct 
vascular networks. The best epoxy-amine system was capable of healing up to 16 
cycles within 23 overall cycles, with an average healing efficiency of 61%.158  
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Two-component direct-write networks were prepared in which the two inks 
liquefied under very different conditions. One was a wax-based ink that 
liquefied above 80 °C and the other was a triblock copolymer solution whose 
micelles degraded below 10 °C. These inks allowed for independent removal and 
infiltration of the microvascular networks. The networks were filled with epoxy 
and hardner, respectively and were capable of 50% healing efficiency for over 30 
healing cycles.156 
 
Vascularization has also been introduced to sandwich structures, which consist 
of high performing skin materials separated by a soft core. In the vascularized 
system, the core consisted of foam with PVC tubing channels through which 
healing agent flowed and the skins were GFRC. After failure via blunt impact 
half of specimens healed, and these specimens recovered their undamaged 
compressive strength.123 In the unhealed specimens, only one component of the 
two-part epoxy healing system reached the damage site. The same approach was 
applied to a system where impact damage was targeted. With this in mind, the 
density of tube-containing risers was increased in this area. The strength of 
damaged and healed specimens was restored to undamaged levels.202 
 
Self-patterned vascular networks have also been prepared through electro-
hydrodynamic viscous Hele-Shaw flow.161 A voltage was applied across a liquid 
resin system that was subsequently injected with a second liquid phase. By 
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adjusting viscosities, interfacial tension, voltage, flow rate, and cure of the liquid 
resin, vascular networks were formed within a vinyl ester matrix. 
 
1.3.3.3. Application to reinforced polymers 
Self-healing composites are highly desirable because of the ubiquity of polymer 
composites in load-bearing applications. Fiber-reinforced composites are 
particularly vulnerable to damage from out-of plane loading.133 Microcracks 
form as a result of the composite’s inability to plastically deform and, if not 
healed, can eventually propagate to form large scale damage and composite 
failure. 
 
Composites differ from neat polymers in that cracks can form deep within the 
composite material as a result of interfacial stresses between the mechanically 
and thermally dissimilar reinforcement and polymer phases. Because composites 
derive enhanced mechanical properties from the reinforcement material, 
mechanical properties are significantly compromised when the composite 
material is no longer in contact with the polymer matrix.131 Fiber-reinforced 
composites are particularly susceptible to decreases in mechanical properties due 
to impact because such a force is great enough to cause delamination of the 
reinforcement, but too weak to cause catastrophic failure of the material. Cracks 
and delamination occurs in composites over time due to fatigue. Delamination is 
a significant cause of strength loss and eventual material failure. To restore 
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strength, the healing agent must be able to bond with the fiber and the resin 
matrix as well as heal cracks within the resin matrix.171,238  
 
Dry first studied release of a cross-linking epoxy as a repair mechanism for glass 
reinforced composites. Glass microbeads were added to the surface of the epoxy 
as reinforcement. After healing for over eight months, the cross-linking healing 
system was stronger and more able to deflect under a load than the control 
system containing no healing agent. Specimens did not fail in the same location 
as the healed crack, indicating that the cross-linking epoxy effectively healed the 
crack.168,239  
 
White and Kessler proposed a self-healing system for woven glass fiber-
reinforced composites (GFRC) that is very similar to their self-healing resin 
system. DCPD-filled microcapsules were embedded between fiber layers 
throughout the material, while Grubbs catalyst was mixed with the epoxy. This 
system was designed to heal interlaminar damage, although it demonstrated 
only 20% healing efficiency.134 Healing efficiency was limited by the ability of 
DCPD to polymerize before diffusing into the polymer matrix. Healing was also 
detrimentally affected by catalyst clumping and uneven catalyst dispersion. 
 
Healing of carbon fiber reinforced composites has also been studied. 30 minutes 
after a crack is formed, healing was first detected. Healing efficiency increased 
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with time, reaching a maximum (38%) after 48 hours. Fracture location played a 
significant role in healing. If the failure occurred in the matrix (polymer) phase, 
many microcapsules were available and healing efficiency was high. However, if 
the crack occured at the fiber-matrix interface, few microcapsules ruptured and 
healing efficiency was low.135  
 
Tensile properties of composites containing microcapsules were worse than 
those without microcapsules. This behavior was attributed to incomplete fiber 
impregnation as a result of increased resin viscosity. However, healing 
efficiencies of up to 51% as compared to the initial laminate and 45% as 
compared to the microcapsule-free laminate were reported.189  
 
Self-sealing of fiber-reinforced composites has also been characterized. This 
property is important for composite tanks. GFRC containing encapsulated DCPD 
and wax-protected Grubbs catalyst were indented 10 times on each side of the 
composite panel. Sealing was determined by applying pressure to one side of the 
composite and measuring the output pressure on the other side of the panel. 
Complete self-sealing was reported with 6.5 wt.% 51 µm DCPD capsules.240 
 
Continuum Damage Mechanics has been applied to fiber reinforced self-healing 
composites containing microcapsules and catalyst resulting in a model for 
healing of these types of systems. Modeling showed that the healing threshold 
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controlled the beginning of healing, while the size of the healed surface and the 
amount of healing were dependent on the critical healing value.136 Furthermore, 
microcapsule and catalyst concentration controlled the onset of and efficiency of 
healing, respectively. 
 
Hollow glass fibers containing healing agent have been studied for healing of 
GFRC and carbon fiber-reinforced composites (CFRC). An important condition 
for healing was sufficient volume of healing agent. For crack faces separated by 
more than 30 µm, little or no healing agent was apparent in the crack. This was 
due to capillary forces as well as insufficient healing agent.180  
 
Incorporating vasculature within fiber-reinfoced composites is a difficult task 
because it disrupts the fiber archictecture and can significantly lower the 
inherent mechanical properties of the composite. Norris et al. considered this 
issue and found properties to be very dependent on certain parameters.160,241 
Vasculature was incorporated within composites by added metal wires with a 
low melting temperature to a prepreg layup. Following cure, the composite was 
heated further and vacuum was applied to remove the metal wires. Fitting 
vasculature between plies transverse to the fiber direction resulted in significant 
resin pockets around the wires and corresponding resin poor areas further away 
from the wires. If wires are layed up parallel to the fiber direction, resin pockets 
were not observed. Wires were also layed up transverse to the fibers by cutting 
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the plies around the wires. However, both methods for incorporating vasculature 
transverse to the fiber direction resulted in significant decreases in the 
compressive strength.160 Kousourakis and Mouritz also noted a decrease in 
compressive and tensile composite strength for transverse vasculature.242 
Vasculature incorporated between plies did not link to damage, which would 
limit its self-healing ability.241 
 
Low velocity impact damage is of significant concern for fiber-reinforced 
composites. Since impact can cause invisible damage deep within the composite, 
self-healing is a promising strategy for repair of low velocity impact.195 DCPD-
filled UF microcapsules and wax-protected Grubbs catalyst decreased the total 
crack length by 51%. The wax-protected Grubbs catalyst significant decreased 
damage resistance of the composite.183 Healing with epoxy- and mercaptan-filled 
microcapsules was capable of decreasing the damage area by 79%.192 
 
The focus of most work in self-healing composites is the repair of interlaminar 
damage. However, Blaiszik et al. applied capsule-based healing to healing of 
interfacial failure. Microcapsules of DCPD and Grubbs catalyst were deposited 
on glass fibers. Healing was evaluated with microbond testing of fibers 
embedded in an epoxy-amine network. Delamination caused capsules to rupture 
and for healing to occur. Recovery of up to 44% of the interfacial shear strength 
was reported, with healing increasing with capsule content.181 
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1.3.3.4. Application to coatings 
Self-healing has also been applied to coatings. While mechanical properties are 
less important for coatings, fast healing in a variety of environments is necessary. 
The direct-write-based microvascular networks discussed previously are 
designed for coatings.157,158 The remainder of self-healing coatings rely on 
encapsulation. 
 
UF microcapsules were incorporated in coatings for steel by Kumar et al.198 
Microcapsules were stable long term in dried paint, but were degraded within 
two weeks in liquid paint. They determined that samples in which microcapsules 
were applied as a layer between two paint layers demonstrated greater 
reductions in undercutting than those in which microcapsules were incorporated 
in the paint. Up to 68% reduction in undercutting (corrosion) was observed; 
however, reductions in undercutting were followed by reductions in coating 
adhesion.  
  
The phase-separated HOPDMS/PDES system previously described for healing 
of bulk vinyl ester systems was also applied to coatings. Specimens were 
damaged with a scribe, healed at 50 °C for 24 hours, then immersed in a NaCl 
solution. Control samples corroded within 24 hours, but the self-healing system 
showed no corrosion after 120 hours in the solution.200 
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Coaxial elelectrospinning of a healing agent within poly(vinyl pyrrolidone) 
formed a highly corrosion-resistant coating. The healing agent was a two part 
liquid polysiloxane precursor. The coating was prepared by electrospinning one 
encapsulated part of the healing agent on top of the other encapsulated 
component.199 
 
Coating damage detection has also been achieved. A profluorophore was 
encapsulated in UF and these microcapsules were incorporated in a poly(methyl 
acrylate) (PMA) film. Strong fluorescence was observed when a cut was 
introduced to the film.243  
 
1.3.4. Remendable systems 
Remendable polymers cover a wide range of materials and healing mechanisms. 
Although the ability to healing is inherent to all of these systems, healing 
initiation is not, and some external force, often energy in the form of heat, is 
required. 
 
The first four subsections cover traditional materials that demonstrate the ability 
to heal. For thermoplastics and thermoplastic-thermosets, diffusion and 
randomization of the polymer are the mechanisms of healing. Certain thermosets 
demonstrate healing under increased pressure and temperature. The following 
two sections cover materials where healing results from the formation and 
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breaking of thermally reversible covalent and secondary bonds. The final section 
discusses mechanically-induced healing and mechanophores.  
 
1.3.4.1. Thermoplastics 
The most basic form of healing is thermoplastic welding, in which heat is applied 
thermoplastic surfaces that are in contact with each other. Heat adds energy to 
the system, causing polymer chains to migrate across surfaces and entangle with 
one another.176   
 
Chain migration proceeds through reptation. Initially, according to de Gennes, 
the chain is restricted within a hypothetical tube. Over short times, chain motion 
is related to equilibration of “defects” (small kinks in the chain). Td, the 
equilibration time of defects, is proportional to the square of the molecular mass, 
M. At long times t ~ M3, the chain migrates out of this tube. This relationship has 
been shown experimentally for atactic polystyrene.244,245 Overall diffusion is 
proportional to M-2.164 Since diffusion mechanisms are dependent on time scale, 
diffusion rate constants are also dependent on time regime. For short times t < Td, 
k(t) ~ t-3/8 and molecular mass plays no role. At such short time scales chain 
movement is related only to defect movement. For intermediate times Td < t < 
Trep some reptation of the chain out of the initial tube has been achieved and the 
diffusion rate can be expressed as: 
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(1.3) 
where Drep is the reptation diffusion constant and R0 is the coil size. Over longer 
times t > Trep the diffusion rate is: 
(1.4) 
where A is a constant.174 Chain movement occurs primarily in the ends, which 
cross an interface much more frequently than the centers. The lag behavior of 
chain centers experimentally supports reptation theory.246 
 
A mechanism for healing in polymers proposed by Wool consists of five steps: 
surface rearrangement, surface approach, wetting, diffusion, and randomization. 
A schematic describing this mechanism is given in Figure 1.13. Diffusion and 
randomization are very important because they determine the characteristic 
strength of the material. The reptation model describes motion of entangled 
chains, which imagines each chain as confined to a tube. Movement occurs as 
entangled chains randomly wriggle out of tube to form a new tube. Recovery of 
properties is dependent on healing time, temperature, and pressure.167 
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Figure 1.13 Schematic of polymer healing for thermoplastics. (a) Rearangement 
(b) Surface approach (c) Wetting (d) Diffusion to a distance χ (e) Diffusion to an 
equilibrium distance χ∞ and randomization. (Ref. 167) 
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The significant time regime for healing is the intermediate time Td < t < Trep. 
During this time minor chains cross the interface, perhaps many times, and 
entangle with each other and with full chains on the opposing side of the crack. 
The length of the minor chain that has crossed the interface can be described as: 
 (1.5) 
 
 
In Equation 1.5, 〈l〉 is the average length of the minor chains. However, at very 
long times: 
 (1.6) 
where L is the length of a chain. This result is logical and unsurprising, although 
it supports the other outcomes of the theory.176 The average concentration of 
entanglements per unit area is proportional to the average length, 〈l2〉1/2 of chain 
interpenetration, which follows the same form as Equation 1.5. 
(1.7) 
The diffusion coefficient, D, for polystyrene was found to be 5.6 × 10-16 cm2 s-1 
using secondary ion mass spectroscopy.247  
 
Fracture stress, σ, was then related to chain motion. For t < Trep,  
(1.8) 
where P(l) is the normalized distribution of l. In comparison, for a virgin 
polymer,  
 (1.9) 
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The average interpenetration distance, χ, follows a Gaussian distribution just like 
〈l〉. Therefore, χ ∝ 〈l〉1/2. It can been assumed that σ ∝ χ because minor chains are 
uniformly distributed and the number of minor chains is constant for t < Trep. 
With this in mind,  
 (1.10) 
 
 
By combining Equations 1.9 and 1.10, recovery of fracture stress across an 
interface can be described:176  
(1.11) 
 
Healing of compatible copolymers was investigated with polystyrene (PS) 
blended with poly-2,6-dimethyl-1,4-phenylen oxyde (PPO), a stiff material, or 
poly(vinyl methyl ether) (PVME), or a mobile component. In all cases, healing 
was retarded by the incorporation of a copolymer. Recovery of fracture 
toughness increases linearly with t1/4.166  
 
1.3.4.2. Thermoset-thermoplastic blends 
Thermoset-thermoplastic blends combine the thermal stability and mechanical 
properties of thermosets with the mobility of thermoplastics. According to Jones 
et al. healing networks consisting of a thermoplastic within a thermoset should 
have the following properties: (1) thermoplastic and thermosetting phases 
should exhibit intermolecular bonding; (2) thermoplastic should be mobile above 
!
!
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the minimum healing temperature; (3) addition of the thermoplastic to the cross-
linked matrix should not significantly alter the mechanical properties of the 
polymer matrix.248  
 
In one study, poly-bisphenol-A-co-epichlorohydrin was added to an epoxy resin 
system, forming a homogeneous interpenetrating polymer network (IPN). Upon 
heating, poly-bisphenol-A-co-epichlorohydrin, diffused to and across the fracture 
surface. Increasing the amount of thermoplastic in the blend increased the 
healing efficiency, up to 75% for 20 wt.% thermoplastic.249 Additionally, healing 
efficiency increased (40% to 60%) with increased healing cycle temperature (100 
°C to 140 °C). Glass fiber reinforced composites using 10 and 7.5 wt.% 
thermoplastic blends displayed a 30% reduction in damage area after healing. 
However, impact studies showed that recovery of impact strength increased with 
increasing thermoplasic content up to a point (7.5 wt.%), then plateaued at a 
lower recovery amount for increased thermoplastic content. Recovery of impact 
strength ranged from 16% to 25%. In their studies of thermosets containing a 
soluble thermoplastic as a healing agent, Hayes et al. reported a 16-25% recovery 
of impact strength. 
 
The Palmese Group has also contributed to this area of research. An in-situ 
sequential IPN system was developed using DGEBA cured with 4,4’-methylene 
biscyclohexanamine as the cross-linked phase and polymerized methacrylated 
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phenyl glycidyl ether (pMPGE) as the linear polymer in the IPN. Thermally 
induced self-healing of IPNs was investigated with varying percentages of linear 
polymer. It was hypothesized that upon healing, diffusion and flow of linear 
polymer to the crack interface could aid in crack healing. The polymer network 
without linear polymer had a healing efficiency of 52% after the first healing 
cycle, dropping to 25% after the fourth healing cycle. The IPNs with varying 
amounts of pMPGE had healing efficiencies ranging from 41% to 46% after the 
first healing cycle. Healing efficiencies dropped to a range of 27-36% after the 
fourth healing cycle. The incorporation of linear polymer in the system allowed 
for greater retention of healing efficiency over consecutive healing cycles through 
pMPGE chain interdiffusion and entanglement.250  
 
The role of healing time on healing efficiency was investigated at 10 min 
intervals between 20 and 60 min for 0 wt.% MPGE, 20 wt.% MPGE, and 40 wt.% 
MPGE systems. As shown in Figure 1.14, healing efficiencies increase with time, 
although the rate of change slowed significantly around 50 min. These results 
show that the selected healing time of 1 h was not sufficient to achieve an 
equilibrium healing efficiency and that further load recovery could occur at 
longer healing times. Healing of all systems at short times (theal ≤ 40 min) is well-
represented as a function of theal1/2. One-way ANOVA did not reject the 
assumption that healing efficiency normalized by theal1/2 is constant for theal < 40 
min at α = 0.05 for all three systems. This behavior was previously noted for the 
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unmodified system and indicates deviation from linear polymer welding 
theory.165,170,171 The unmodified (0 wt.% MPGE) system follows a theal1/2 
relationship over the whole time period investigated. One-way ANOVA, simple 
t-tests comparing each healing time to the previous healing time, and simple t-
tests between theal ≤ 40 min and theal ≥ 50 min did not reject this assertion. 
However, at longer healing times (theal ≥  50 min) healing efficiency of systems 
containing pMPGE increases with theal1/4, perhaps indicating that at longer 
healing times reptation of the linear polymer phase contributed more 
significantly to property recovery. This relationship was not rejected by one-way 
ANOVA and simple t-tests.250 
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Figure 1.14 Time dependence of healing of IPN system with varying amounts of 
the mobile thermoplastics phase. (Ref. 250) 
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Using de Gennes’ theory of reptation, the characteristic relaxation time of a 
polymer is described by Equation 1.12, where τ represents the time necessary for 
a polymer chain to repate fully out of its original hypothetical tube, τ0 is a 
microscopic time parameter related to the physical environment, and n is 
molecular weight: 
 (1.12) 
Typically, τ0 is on the order of 10-10 sec and τ values are reported on the scale of 
minutes.174,251 With a molecular weight of 35,000 g/mol, τ ≈ 71 min for pMPGE. 
While this value for characteristic relaxation time is an approximation, it 
supports the hypotheses that (1) Higher healing efficiencies could be achieved at 
longer healing times and (2) Healing at longer times results from polymer chain 
reptation and interdiffusion across the crack surface.250 
 
Healing of phase-separated theroplastic-thermosets blends was also investigated. 
Luo et al. prepared blends of DGEBA cured with 4,4’-diaminodiphenylsulphone 
(DDS) and poly(ε-caprolactone) (PCL).252 At low PCL loadings, the epoxy 
network formed a cocontinuous phase with randomly dispersed particles of 
PCL. As PCL loading increased, the morphology became more complicated until 
PCL formed the cocontinuous phase. When PCL comprised 15.5% of the blend, 
PCL formed the cocontinuous phase, although epoxy particles were highly 
interconnected, which allowed for maintaining of mechanical properties, while 
the PCL phase provided crack healing ability. When healed by application of 
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heat and subsequent cooling under pressure (< 20 kPa), over 100% of the 
maximum load to failure was recovered using the single edge notched beam 
geometry. Butt joints were also able to bond together up to three times, with the 
second cycles’ bond strength higher than the first. 
 
1.3.4.3. Thermosetting systems 
Epoxy resins have inherent healing ability, which was first demonstrated by 
Outwater and Gerry in 1969.163 Healing was achieved in unmodified epoxy 
systems through application of heat to a temperature T > Tg and light pressure to 
improve contact between the fracture surfaces. However, no further work on 
understanding this phenomenon appeared in the literature until 2009. 
 
Rahmathullah and Palmese have achieved healing efficiencies up to 68% for 
unmodified epoxy-amine thermosets with stoichiometric formulations. This 
healing efficiency is comparable to that of materials designed to have healing 
ability. They proposed that temperature induced softening and subsequent 
mechanical interlocking between the fracture surfaces caused healing in epoxy-
amine thermosets above Tg for systems with stoichiometric amounts of epoxy 
and amine. Interestingly, healing was not observed at free interfaces. For off-
stoichiometry formulations, behavior was drastically different for epoxy-rich and 
epoxy-poor systems. Epoxy-rich systems achieved healing efficiencies of up to 
175%, while epoxy-poor systems only recovered 50-70% of the initial load. The 
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epoxy-rich formulations were proposed to heal through reaction of epoxide rings 
across the crack surface.170 
 
1.3.4.4. Covalent bonds 
Reversible reactions have been used to create thermosets with thermoplastic 
properties. In these polymers, all molecules are covalently bonded. However, the 
bonding of the cross-links is thermally reversible. Cracks are healed in these 
materials by heating the system and subsequently cooling it, which causes the 
cross-linked bonds to open and then reform across the failure site. The biggest 
disadvantage for healing via this mechanism is the necessity for an external force 
to cause healing.97 
 
Reversibly cross-linked systems are based on a number of reactions: Diels-Alder 
reaction of a diene and dienophile;12-14,20,40,84,90,91,93,142,253 esterfication of a halide 
and COOK;254 reaction of nitrogen with the metal of an organometallic 
compound;255,256 formation of disulfide bonds under oxidative conditions;257 and 
condensation of acylhydrizines with aldehydes.258 Since all contain cross-links 
that can open and reform ad infinitum, these systems should all be able to heal. 
However, healing has not been investigated for any chemistry besides the Diels-
Alder chemistry, the results of which are discussed in great detail in Section 
1.2.2.6.  
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Some cross-links are the result of equilibrium complexation reactions, resulting 
in cross-links that are dynamic on short time scales at ambient conditions. 
Examples include the reactions of poly(vinyl alcohol) (PVA), galactomannan, 
and schizophyllan (SPG) with Borax, which form a didiol complex between 
borate and two pairs of adjacent hydroxyl groups in two chains. Gels comprised 
of PVA-Borax and galactomannan-Borax exhibited healing after cutting, which 
was attributed to the dynamic nature of the gels’ cross-links.259 Additionally, at 
lower frequencies, these gels demonstrated liquid-like behavior. However, SPG-
Borax gels did not show healing after 24 h.260 
 
Photochemical reactions have also demonstrated healing ability. The 
photochemical [2+2] cycloaddition of cinnamoyl forms cyclobutane and occurs in 
solid state. Cracked samples of photocross-linked 1,1,1-tris-
(cinnamoyloxymethyl)ethane (TCE), when irradiated, recovered up to 25% of 
their initial flexural strength.261 Heating samples at 100 °C during radiation 
increased strength recovery. However, heating alone did not result in any 
strength recovery. The dimerization of coumarin with light longer than 300 nm 
was reversible when the dimer was exposed to light with λmax = 254 nm.262 
 
Polyurethanes modified through the addition of an oxetane-substituted chitosan 
precursor demonstrated healing upon exposure to UV light. Damage to coatings 
of this material was almost fully repaired after 30 minutes under a fluorescent 
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lamp that approximated the power and wavelengths of the Sun.172 Healing is the 
result of oxetane ring opening, UV-induced chitosan chain scission, and 
subsequent cross-linking between oxetane ends and chitosan chains. 
 
In addition to their potential for remendability, networks that are reversibly 
cross-linked represent a class of polymers in which properties are dynamic and 
determined by the strength and frequency of reversible cross-links, reaction 
equilibrium, and the properties of the linear chains.98 Reaction kinetics and 
system thermodynamics are significant concerns in systems that heal via 
reversible reactions and determine parameters such as synthesis, operating, and 
healing temperatures for these materials. Additionally, it is important to ensure 
that no undesirable side reactions occur that may hinder the ability of the 
reversible reaction to occur. These concerns are discussed in greater detail for 
Diels-Alder-based systems in Section 1.2. 
 
1.3.4.5. Secondary interactions 
Supramolecular materials consist of covalently bonded groups that interact with 
each other through secondary interactions to form large-scale systems. Healing 
in these materials occurs as a result of these secondary interactions, such as 
hydrogen bonding,173,263-265 metal ligand interactions,266,267 and metal 
coordination.268 A number of polymers have been synthesized that heal as a 
result of supramolecular forces. Because bonds in these systems are reversible, 
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healing is inherent, given enough mobility.269 In addition to healing ability, 
polymers synthesized via supramolecular forces offer other benefits including 
quick assembly, few structural errors, and structural economy, that is, many 
materials can be synthesized from the same repeat units.270 However, few of 
these materials based on secondary interactions demonstrated the requisite 
mechanical properties for structural or coating applications, or the potential at 
this point for production scale up beyond the laboratory scale.  
 
One proposed thermally reversibly cross-link is an ion cross-link formed by the 
reaction of acid and amino groups. This ion cross-link is the result of steric 
hindrance between the acid and amino groups such that a covalent bond cannot 
form.271 The cross-link is therefore easily cleaved upon heating. Potential acid 
compounds contain at least two carboxyl, sulfonic acid, or phosphoric acid 
groups, and potential amino compounds must have a structure that hinders the 
formation of an amide bond with the acid group.  
 
Remendable gels have been synthesized combining permanent cross-links and 
reversible metal-ligand cross-links. The reversible cross-links could bear 
mechanical stress. Under an applied strain, reversible cross-links dissociated and 
subsequently re-associate.267 The rates of stress-induced dissociation as well as 
stress-free rates of repair could be tailored for specific applications, so that 
reversible bonds protected covalent bonds from failure.  
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This idea of combining permanent and reversible bonds was further explored 
with computational modeling. The reversible bonds were the first to break, 
acting to dissipate energy of an applied deformation. However, because these 
bonds could also reform rapidly, they improved the structural integrity of the 
material and could provide 25% increase in the tensile stress required to cause 
failure.272 Additionally, when just 10% of bonds were reversible, 90% of the 
original morphology was recovered.273  
 
Healable hydrogel thin films were formed through layer-by-layer (LbL) 
polyelectrolyte assembly of microgels. Damage from a blunt pipette tip was 
quickly healed upon application of water. Additionally, tearing as a result of 
tensile and flexural force healed effectively. Atomic force microscopy (AFM) of 
specimens before damage, after damage, and after healing showed complete 
recovery of the film after healing.186 
 
Nucleation-elongation polymerization is a method for supramolecular 
polymerization that is reversible, spontaneous under certain conditions, and 
used by proteins. Synthetic nucleation-elongation polymerization is rare, 
however. Examples include cationic ring-opening polymerization of trioxane, 
polymerization of N-carboxy α-amino acid anhydride, and polymerization of 
oligo(m-phenylene ethynylene) imines.274  
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Cordier et al. prepared the first autonomically healing hydrogen-bonded rubber. 
The rubber consists of functionalized fatty diacids and triacids.173 When brought 
into contact with each other, even at ambient conditions, broken or cut pieces of 
the rubber healed and recovered modulus and extensibility almost fully 
following healing for three hours. 
 
A simpler and more versatile method for synthesizing healing rubbers was 
reported by Montarnal et al. As in their previous work, fatty acids were used. 
Synthesis was a three-step, one pot process that did not require solvent. A range 
of materials was produced by adjusting fatty acid molecular weight and degree 
of polymerization. Although all materials were reversibly bonded, only the 
highest molecular weight formulations behaved as supramolecular healing 
rubbers.265 
 
Ionomers are low dielectric copolymers of nonionic repeat units and ionic repeat 
units. The ionic groups facilitate ionic aggregate formation, effectively acting as 
physical cross-links. Ionomer systems have the ability to recover fully from 
puncture via a high-velocity 9mm bullet. The energy absorbed by the material 
during puncture caused the ionomer to be heated to a temperature 
approximately 5 °C above its melt temperature, inducing greater molecular 
mobility.275 Ionomers could also be healed following puncture and sawing. 
However, healing was not observed after cutting, indicating that healing 
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required a sufficiently high energy transfer.17,276 Their healing behavior was 
postulated to be the result of both ionic character and melt flow. This ability to 
heal following puncture has led to military application of ionomers to reduce 
fuel tank vulnerability. 
 
The addition of multi-wall carbon nanotubes (MWNT) to ionomers provided a 
number of advantageous properties while maintaining the material’s ability to 
healing following puncture. Crystallinity was decreased and stability at elevated 
temperatures, Young’s modulus, tensile strength at yield, and toughness at 5% 
strain were increased.276  
 
Modeling demonstrated that nanoparticles were entropically driven to fill cracks 
in multilayer composites, significantly improving the composites’ properties. 
Experiments performed using poly(ethylene oxide)-coated 5.2 nm nanospheres 
in a poly(methyl methacrylate) matrix confirmed modeling results and healed 
cracks in an adjoining brittle silicon oxide layer.277  
 
1.3.4.6. Mechanical force-catalyzed healing 
Just as healing via encapsulation is initiated by a force that causes cracking of the 
polymer and encapsulation, force-catalyzed healing is caused by exerting 
mechanical force on a material. This healing can result from mechanically-
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induced chemical waves in a gel278,279 or mechanically-inducing a particular 
chemical reaction.280-282 
 
Gels that respond to stimuli have been studied for a number of biological 
applications, from drug delivery to artificial muscles. Modeling of gels 
undergoing the Belousov-Zhabotinsky reaction demonstrated that these gels 
responded to mechanical force by forming chemical waves. Such waves could be 
used to transport reactive species, which might cause polymerization or 
reversible cross-linking.278,279  
 
Mechanical force can also be used to alter the path and rate of a chemical 
reaction. Reactions that occur in the presence of a mechanical force are biased 
towards the pathways that most effectively relieve this force.280 Mechanophores, 
or mechanically-sensitive chemical groups, were developed that change color 
under strain as a result of a reversible ring-opening reaction. Spiropyran formed 
merocyanine under strain, but merocyanine reverted to spiropyran upon 
exposure to visible light. Spiropyran was incorporated within elastomers and 
glassy polymers as a successful method of detecting damage.281 More recently, a 
mechanophore was developed whose reaction results in the formation of a 
reactive cyanoacrylate.282  
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1.3.5. Practical considerations 
Although the development of materials with the ability to heal is exciting and 
these materials continue to increase in sophistication and robustness, they are 
used in a limited number of applications. Practical considerations are the main 
reasons that traditional materials are still the industry standard. One major 
parameter is the increase in service lifetime as compared to the increase in price 
for the material. The robustness of the material is determined by the 
environmental durability of the material and the healing system as well as the 
number of times that properties can be recovered to a sufficient level 
(repeatability). Additional concerns for remendable systems include crack 
detection and healing initiation, which in many cases requires a heat source. 
 
Environmental durability is a significant concern, particularly for self-healing 
materials since they contain uncured material. Choosing a healing system that is 
chemically stable and not susceptible to degradation is essential. For remendable 
materials, environmental durability is determined more by the ability of the 
material to withstand thermal fatigue.  
 
Examples of healing materials demonstrating good durability are found in self-
healing coatings in the automotive industry.283 Coatings are optimized to 
withstand and recover from failure arising from the primary culprits (sun, sand, 
rain) present in different markets.  
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Self-healing and remendable materials are desirable because they offer the 
potential for extended service lives based on their ability to recover properties. 
However, one condition that self-healing and remendable materials must meet to 
be practical is service life extension such that they are economically competitive 
with traditional materials. Only materials that can recover properties to service 
level multiple times can accomplish this. One outcome of this requirement is the 
vascularization of self-healing materials. Remendable materials can often recover 
properties multiple times; however, the amount of property recovery is not 
typically comparable to that of self-healing materials. 
 
Self-healing and remendable polymers tend to be more complex than traditional 
polymers both in synthesis and operation. In particular, self-healing polymers 
are complex to synthesize because of the number of components. Microcapsule-
induced self-healing systems require encapsulated resin/catalyst and a polymer 
network in which catalyst is dispersed/resin is phase-separated. Hollow fiber 
systems need epoxy and hardener to be drawn into fibers and for these fibers to 
be layed in alternating layers. Vascularized self-healing systems require that the 
3-D vascularized network be “inked” in before the polymer matrix forms around 
it and the ink is removed. This complexity makes scale-up difficult. 
 
While self-healing polymers are more complex to synthesize, healing of 
remendable materials is more difficult. Detection of failure and initiation of 
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healing are built into self-healing materials, whereas remendable materials do 
not detect failure and require a driving force, often energy in the form of heat, to 
initiate healing. However, there are examples of remendable systems that heal 
without external interaction because it is thermodynamically favorable for these 
systems to heal.173 Another approach is to include damage detection and repair 
mechanisms within remendable materials, giving them the ability to “self-
heal.”141,142,144 One example is a remendable system based on metal-ligand 
interactions that can be made “self-healing” if sufficiently conductive by using 
the increased electrical resistance caused by crack formation to generate heat for 
healing.284 
 
1.3.6. Conclusions 
Healable materials have made significant gains in efficacy, cost efficiency, and 
durability, especially in the past decade. As a result, they are being considered or 
used for coatings, aircraft fuel bladders, and composite applications. However, 
there is still much to be done if healable materials are to be widely used. Future 
work in healable materials will focus on methods for making these systems more 
desirable for commercialization. This includes increasing long-term stability of 
reservoirs, developing scalable methods for including vascular networks within 
materials, and simplifying damage detection. Another direction of ongoing and 
future work is including additional functionalities within healable systems, such 
as self-cooling or detection of changes in the environment.285   
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1.4. Outline 
The background provided above gives a brief introduction to the Diels-Alder 
reaction and self-healing polymers and polymer composites. With that as 
context, the following chapters give account to my work in the development of 
healing strategies for polymers and polymer composites based on the 
thermoreversible Diels-Alder reaction of furan and maleimide.  
 
Chapter 2 focuses on polymer synthesis and general preparation of the healing 
systems. The first systems discussed are reversibly cross-linked gels based on an 
epoxy-amine reaction and atom transfer radical polymermization as well as their 
incorporation within traditional epoxy-amine thermosets. Next, the synthesis 
and characterization of furan-functionalized thermosets are presented, followed 
by descriptions of the healing solutions and maleimide-functionalized glass 
fibers that they were designed to bond reversibly with. Chapter 3 addresses the 
healing ability of these three systems. 
 
The equilibrium behavior of the Diels-Alder reaction is presented in Chapter 4. 
The Diels-Alder reaction is characterized in a variety of small molecule solutions 
and compared to literature values. In Chapter 5, Diels-Alder bonding in the three 
systems developed is investigated. The roles of reaction kinetics and mobility are 
evaluated and compared to the model systems so as to develop improved 
understanding of the bond formation and strength recovery in healable systems 
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based on the Diels-Alder reaction. An empirical relationship between bond 
formation and mechanical properties is developed for reversibly cross-linking 
gels and compared to rubber elasticity theory. Chapter 5 concludes with a 
discussion of the relationship between mobility and reversible bonding. 
 
Chapter 6 contains the conclusions of this dissertation as well as 
recommendations for future foci of research in this area. 
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Chapter 2.  Polymer Synthesis 
 
2.1. Introduction 
Three strategies for healing of damage in polymers and polymer composites 
were developed. These systems were also used to elucidate the role of mobility in 
thermoreversible bond formation. The first step in all of these systems was the 
synthesis of appropriate polymer systems. This chapter details the synthesis of 
reversibly cross-linking gels and furan-functionalized polymer networks. Also 
included are descriptions and analysis of glass fiber functionalization. 
 
2.2. Reversibly Cross-Linked Gels 
Reversibly cross-linked gels contain cross-links that cleave under one condition 
and form under another. Stimuli that have been demonstrated for bond 
formation/cleavage in gels include temperature,16,27,135,139,286-288 pH,289 and 
magnetic field.290 The epoxy-amine gel system was originally reported by 
Peterson et al.93 
 
2.2.1. Experimental 
Two types of reversibly cross-linked gels were prepared. Both are based on 
furan-bearing chains cross-linked with a bismaleimide. In the first, chains are 
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formed through the reaction of epoxy and amines, while the second system uses 
atom transfer radical polymerization (ATRP) to synthesize chain. 
2.2.1.1. Epoxy-Amine System 
An oligomer was formed through the reaction of furfurylamine (FA, Sigma-
Aldrich) and diglycidyl ether of bisphenol-A (DGEBA with EEW = 185-192, 
EPON 828, Miller-Stephenson). Stoichiometric amounts of FA and DGEBA were 
mixed to form a 15 wt.% solution in N,N’-dimethylformamide (DMF; Sigma-
Aldrich), which was allowed to react at 90 °C for 30 h. A thermally reversibly 
cross-linking gel was then formed by the addition of a stoichiometric amount of 
1,1’-(methylenedi-4,1-phenylene)bismaleimide (BMI, Sigma-Aldrich) to the 
oligomer solution at room temperature and allowing sufficient time for reaction. 
Upon heating, Diels-Alder cross-links reverse and the gel becomes an oligomer-
BMI solution in DMF. Reversible gels can be prepared using other solvents 
including dimethyl sulfoxide (DMSO, Sigma-Aldrich), but DMF was selected for 
its low volatility and the solutes’ high solubilities in DMF.  
 
2.2.1.2. ATRP System 
Furan-bearing polymer chains were synthesized via ATRP of furfuryl 
methacrylate (FMA, Sigma-Aldrich). The synthesis procedure is based on that of 
Kavitha and Singha.19,20,145 Poly(FMA) (pFMA) was synthesized with varying 
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chain lengths. Additionally, random copolymers of FMA and methyl 
methacryate (MMA) were prepared with the same chain lengths.  
 
In all cases, catalyst copper chloride (I) (CuCl, Sigma-Aldrich) was added to a 50 
mL reaction vessel sitting in a liquid nitrogen dewar. Ligand 1,1,4,7,10,10-
hexamethyltriethylenetetramine (HMTETA, Sigma-Aldrich), initiator ethyl 2-
bromoisobutyrate (EBiB, Sigma-Aldrich), monomer(s) FMAc and/or MMA, and 
solvent toluene (Sigma-Aldrich) were added to the vessel in that order. The 
reaction vessel was sealed with an air-tight plug until the reaction solution had 
frozen completely. The frozen solution was placed under vacuum for 15 min, 
then the solution was thawed at room temperature under nitrogen atmosphere 
for 15 min. This process is designed to ensure that no air is present in the reaction 
vessel, which can lead to copper oxidation. After three freeze/thaw cycles, the 
reaction solution was heated to 90 °C and the reaction proceeded for 12 h. 
Following ATRP, solvent was removed under reduced pressure with a Rotovap 
rotary evaporator. Figure 2.1 consists of a schematic of the pFMA synthesis. The 
mechanism of pMMA and pFMA-co-MMA synthesis is identical. 
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Figure 2.1 ATRP of FMA 
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2.2.1.3. Gel Permeation Chromatography 
Gel permeation chromatography (GPC) was used to determine molecular 
weights of synthesized polymer chains. GPC relies on the size exclusion 
principle, so larger molecular escape the column first, while smaller molecules 
are caught in the beads and stay in the column longer. It is an indirect method, so 
polymers with known structure and molecular weight are used to correlate 
molecular weight and elution time/volume.291  
 
GPC was performed using a Waters GPC setup including a 515 HPLC pump and 
dual columns. Two detectors are available for measuring elution times from the 
column, a Waters 2410 refractive index (RI) detector and a Waters ultraviolet 
(UV) Dual λ Absorbance Detector 2487. The UV detector is set to detect 
absorbance at wavelengths of 254 nm and 270 nm.  
 
Specimens were prepared by dissolving the material of interest in 
tetrahydrofuran (THF, Sigma-Aldrich) at a concentration of 2 mg material per 
mL THF. Specimens were filtered and then injected in the GPC. Molecular 
weight was determined according to polystyrene standards. Number and weight 
average molecular weights (Mn and Mw) were calculated according to equations 
2.1 and 2.2, respectively. 
(2.1) 
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(2.2) 
Polydispersity index (PDI) is a measure of the distribution of molecular weights 
in a sample: 
(2.3) 
PDI values are greater than or equal to 1, with larger numbers indicating a more 
polydisperse sample. 
 
2.2.1.4. Fourier Transform Infrared Spectroscopy 
Spectroscopy is the study of how matter interacts with light as a function of 
wavelength. A sample is irradiated by light, and the amount of light transmitted 
at different wavelength is measured and plotted. The absorbance of light at 
different wavelengths is specific to different chemical structures and can be used 
to characterize materials. One advantage to spectroscopic techniques is that they 
are generally nondestructive. 
 
The infrared region of the electromagnetic spectrum is located between the 
visible and microwave regions and corresponds to wavelengths between 8 x 10-5 
and 1 x 10-2 cm.292 Irradiation with infrared light causes vibration of covalent 
bonds, which in turn causes characteristic absorbance/transmission at various 
wavelengths. Expressions for transmittance (T) and absorbance (A) are given 
!
!
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below. I is the intensity of light at a given wavelength and I0 is the intensity of 
light before it enters the sample. 
(2.4) 
 
(2.5) 
Information in the infrared region is often reported in wavenumbers instead of 
wavelengths. The relationship between wavelength (λ) and wavenumber (ν) is 
described below: 
(2.6) 
Wavenumber is generally expressed is cm-1; therefore wavenumber is expressed 
in cm.  
 
The infrared region of light, in particular mid-IR (600-4000 cm-1), is filled with 
information about the chemical structure of a material. This information is 
provided through characteristic vibrations of covalent bonds. The region 
between 600 and 1400 cm-1 is considered to be the fingerprint region of the 
spectrum. For this reason it is unlikely that any two chemicals will have the same 
spectrum. 
 
Infrared spectra are collected using an infrared spectrometer. A Fourier 
transform infrared (FTIR) spectrometer uses an interferometer to measure a 
spectrum. Infrared light is emitted from the source towards a beamsplitter. Some 
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of the light passes through the beamsplitter while the rest is reflected. The light 
that passes through the beamsplitter reflects off of a moving mirror, while the 
light reflected off of the beamsplitter reflects off a fixed mirror. After reflecting 
off of the mirrors, the beams recombine at the beamsplitter. Because the beams of 
light have traveled different distances, they create an interference pattern. This 
interference pattern is called an interferogram and contains all frequencies 
simultaneously. The recombined beams of light (interferogram) pass through the 
sample and are collected by a detector. The Fourier transform is then used to 
convert the interferogram from the time domain to the frequency domain, which 
provides the absorbance vs. wavenumber spectrum. 
 
FTIR is a popular technique for a wide range of studies because of the amount of 
information that can be obtained over a wide range of times and temperatures 
for materials of any state. Although the mid-IR region contains a lot of 
information about a material, there are a number of disadvantages associated 
with using it as a characterization technique. For one, specimen preparation is 
precise and time consuming process. Additionally, specimens cannot be sealed in 
a small environment prior to testing, making the study of reaction kinetics of 
volatile substances difficult and inherently incorrect. One alternative is near-IR 
spectroscopy, which focuses on the 4000-8000 cm-1 range. Because glass is 
transparent in this range of light, liquid specimens can be sealed in small glass 
tubes for study. Although the near-IR range does not contain as much 
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information as the mid-IR range, many peaks of interest to these systems (epoxy, 
amine, maleimide) absorb in this region of light. 
 
The extent of reaction for FA-DGEBA polymers was characterized with Fourier 
Transform Near Infrared Spectroscopy (FT-NIR) using a Thermo Nicolet Nexus 
870 FT-IR. 
 
2.2.1.5. Nuclear Magnetic Resonance Spectroscopy 
Nuclear magnetic resonance (NMR) spectroscopy is a technique for determining 
the structure of materials based on energy absorption of nuclei in the presence of 
magnetic and radio-frequency fields. Nuclei in different chemical environments 
resonate at different values of the magnetic field.293 These different resonances 
allow for characterization of molecules.  
 
Various nuclei resonate in the magnetic field, including protons, 13C, and 19F. In 
order to resonate and be visible in NMR, nuclei must have a nonzero nuclear 
spin, I. Those with I = ½ are the easiest to understand because the difference 
between two energy states (spin up and spin down) is one. 1H has a large 
magnetic moment, resulting in a large ratio of signal to background and faster 
sampling time. As a result, 1H NMR was used in this study. Although the 
hydrogens present on sample molecules are not protons, they resonate through 
the inductive effect when in the presence of deuterated solvents. 
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Data from NMR is recorded and output in the frequency domain. Chemical shifts 
of nuclei are normalized by using a reference material. In the case of 1H NMR, 
tetramethylsilane (TMS) is used as the reference compound. The chemical shift, 
δ, of a peak is therefore defined as 
(2.7) 
where ν is frequency.294 Since δ is very small, it is generally reported in parts per 
million (ppm). Shifting of peaks is the result of interactions between hydrogen 
and any groups within two covalent bonds of the hydrogen. If two hydrogens 
exist in identical environments (within two covalent bonds), then their δ values 
will be the same. 
 
Relatively low concentration (10-20 mg mL-1) solutions of ATRP-synthesized 
polymers were prepared in deuterated chloroform. TMS was used as the 
reference compound. NMR was performed using a 300 MHz NMR. 16 scans 
were collected per spectra. 
 
2.2.1.6. Rheometry 
The viscosity of polymer solutions was evaluated with a TA Instruments AR 
2000ex rheometer. Viscosity was evaluated with a flat plate geometry and at a 
shear rate of 10 s-1 over a range of temperatures. 
 
!
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2.2.2. Results 
Furan bearing chains were characterized primarily with GPC. The reversibly 
cross-linking gels prepared with these chains were also characterized; however, 
these results are more appropriate for discussion within the framework of 
mobility instead of polymer synthesis and are therefore presented in Chapter 4. 
 
2.2.2.1. Epoxy-Amine System 
GPC gave Mn = 4770 g mol-1, Mw = 8400 g mol-1, and PDI = 1.8 for the FA-DGEBA 
oligomer. Based on Mw, oligomer chains contained an average of 8.9 pendant 
furans. Gels based on the oligomers reversed to liquids after approximately 30 
min at 90 °C and reformed gels after approximately 12 hours at room 
temperature. GPC results for t = 0 h and t = 30 h are shown in Figure 2.2. Note 
the tail of lower molecular weight product on the FA-DGEBA copolymer peak (t 
= 12.5 min).  
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Figure 2.2 GPC of FA-DGEBA at (a) t = 0 h and (b) t = 30 h at 90 °C. 
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As can be seen from the GPC results, the FA-DGEBA system is limited by 
relatively high polydispersity, low molecular weight, and a lack of control over 
either. Additionally, not all of the monomer is reacted. This characteristic is best 
shown with viscosity over a range of temperatures. Viscosity of a 50 wt.% 
solution of FA-DGEBA in DMF was evaluated over three temperature sweeps 
from 25 to 90 °C. Results are presented in Figure 2.3. A threefold increase in the 
room temperature viscosity between the first and second temperature sweeps 
strongly indicate additional polymerization during the first temperature sweep. 
Since the viscosity does not increase significantly between the second and third 
temperature sweeps, it is unlikely that the large viscosity increase between the 
first and second sweeps is the result of solvent loss. For these reasons, 
subsequent investigations were performed with chains synthesized with ATRP. 
 
2.2.2.1. ATRP System 
GPC results for ATRP synthesized polymers are summarized in Table 2.1. 
Overall, molecular weights are in good agreement with the desired molecular 
weight and demonstrate low PDIs. PDI tends to increase with increasing 
molecular weight. Representative NMR spectra for FMA and pFMA are shown 
in Figure 2.4. The peak locations and relative intensities are in good agreement 
with the literature.19  
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Figure 2.3 Rheometry of 50 wt.% FA-DGEBA over three temperature sweeps 
from 25 °C to 90 °C. 
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Table 2.1 Molecular weights and PDIs of ATRP-synthesized polymers as 
determined by GPC. ntheo values correspond to the desired number of mer 
units in the polymer chain; values with a hypen such as 100-200 are 
copolymers of FMA (first value) and MMA (second value).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
n
theo!
M
n
! M
w
! PDI! n!
60! 1x104! 1.17x104! 1.23! 60.5!
100! 1.9x104! 2.66x104! 1.4! 114!
200! 3.26x104! 5.14x104! 1.58! 196!
300! 5.69x104! 1.06x105! 1.87! 342!
400! 6.73x104! 1.43x105! 2.12! 405!
500! 8.5x104! 1.6x105! 1.88! 511!
100-200! 4.51x104! 8.45x104! 1.88! 271!
200-100! 3.22x104! 4.38x104! 1.36! 194!
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Figure 2.4 NMR spectrograph of FMA (top) and pFMA (n = 100, bottom). 
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2.3. Furan-Functionalized Thermosets 
Furan-functionalized thermosets were developed for polymer phase and 
polymer-reinforcement interface crack healing applications. These types of 
systems were first reported by Peterson et al.92,94 In both cases, crack healing was 
achieved through covalent bond formation across the crack surface between 
furans and maleimides. For polymer phase healing, these maleimides are 
contained within the multimaleimide solution healing agent, while Diels-Alder 
bonding in the interfacial healing systems occurs between furans on the polymer 
and maleimides on the glass fiber surface.  
 
2.3.1. Experimental 
2.3.1.1. Thermoset Preparation 
Monomers DGEBA, furfuryl glycidyl ether (FGE, Sigma-Aldrich), phenyl 
glycidyl ether (PGE, Sigma-Aldrich), and 4,4,′-methylene biscyclohexanamine 
(PACM, Air Products) were used as received. The healing agent was a solution 
of BMI in DMF. Furan-functionalized polymers were prepared by adjusting the 
weight ratio of DGEBA to FGE and mixing these epoxy monomers with a 
stoichiometric quantity of the amine curing agent PACM. In the discussions that 
follow, in order to define the polymer networks being considered, wmonomer 
represents the weight fraction of the epoxy monomer in the mixture of 
monomers bearing the epoxy group (i.e., not including the amine curing agent). 
For example, a sample containg a 6:4 weight ratio of DGEBA to FGE would have 
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wFGE = 0.4 and wDGEBA = 0.6. Stoichiometry calculations were carried out using 
EEW = 188 for DGEBA, 154 for FGE, and AHEW = 52.5 for PACM. For example, 
a 13.04 g sample of a thermoset with wFGE = 0.4 would be prepared by mixing 
6.00 g of DGEBA, 4.00 g of FGE, and (6.00/188 + 4.00/154)52.5 = 3.04 g of PACM. 
Note most healing studies were conducted with polymers of this composition.  
 
Neat polymer samples were cast and cured for an appropriate amount of time to 
ensure full reaction, which was validated with differential scanning calorimetry 
(DSC). For example, samples containing a 10:0 weight ratio of DGEBA to FGE 
were cured at 80 °C for 2 h and postcured at 165 °C for 2 h, whereas samples 
with a 6:4 weight ratio were cured at 60 °C for 2 h and postcured at 90 °C for 2 
h.92,94 Control polymers for healing studies were synthesized using PGE instead 
of FGE. PGE is identical to FGE except that it contains a pendant phenyl group 
instead of a pendant furan. Polymers were prepared with varying weight ratios 
of DGEBA to PGE and cured using a stoichiometric amount of PACM for an 
appropriate period of time to ensure complete cure. The EEW of PGE is 164, so to 
prepare a 13.43 g DGEBA-PGE-PACM specimen with the same cross-link density 
as a DGEBA-FGE-PACM specimen with wFGE = 0.4, 6.00 g of DGEBA, 4.26 g of 
PGE, and (6.00/188 + 4.26/164)52.5 = 3.04 g of PACM are mixed. This control 
polymer has an identical cross-link density and network structure to the furan-
functionalized network without the furan functionality. Although the control 
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polymer described above has wPGE = 0.39, for simplicity it will be described as 
wPGE = 0.4. The wPGE = 0.4 polymer was used for most control studies.  
 
To elucidate the effect of furan concentration on healing efficiency, polymer 
networks were prepared with the same cross-link density as the wFGE = 0.4 
system but with varying amounts of furans. This was achieved by substituting 
PGE for FGE, allowing for investigation of the effect of furan loading while 
maintaining cross-link density and network structure. For example, a sample 
with the same cross-link density as the wFGE = 0.4 system but with half of the 
number of furan groups would be prepared by mixing 6.00 g of DGEBA, 4.00 * ½ 
= 2.00 g of FGE, 4.00 * ½(164/154) = 2.13 g of PGE, and (6.00/188 + 2/154 + 
2.13/164)52.5 = 3.04 g of PACM.  
 
Resin transfer molding (RTM) was used to prepare composite specimens with 
fiber volume fraction ≈ 24%. The fully mixed resin (wFGE = 0.4) was injected into 
an aluminum mold containing 14 layers of woven glass fibers. The fiber mats 
were 305 g m-2 E-glass fabric from Fiber Glast Developments Corporation, style 
7781. Following injection, composites were cured for 2 h at 60 °C and postcured 
for 2 h at 90 °C.  
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2.3.1.2. Maleimide-Functionalized Surface Preparation 
Water sized E-glass fibers with an average diameter of 16 µm were kindly 
provided by Fiber Glass Industries, Inc. (Amsterdam, NY). Prior to use, fibers 
were cleaned in water, ethanol, and acetone to remove any impurities from 
processing or shipping. Borosilicate glass slides (Fisher Scientific) were cleaned 
by running through apropane flame and then cleaning with acetone to remove 
any particulates.  
 
Maleimide functionalization was carried out using a two-step process as shown 
in Figure 2.5. First, a 1 wt.% solution of 3-aminopropyltrimethoxysilane (APS, 
Gelest) in a 25:75 by weight ratio of ethanol and water was used to provide 
amine groups on the glass surface. Next, Michael Addition of malemides and 
amines provided maleimide functionality through the reaction of 5 wt.% BMI in 
DMF with surface amines.170,295 Given the short and rigid structure of BMI, 
Michael Addition of both maleimides on a molecule of BMI (‘‘backbiting’’) 
should be minimal. For fiber functionalization, fibers were dipped in the reaction 
solution and reacted under the proscribed conditions. The reaction solution was 
spin coated onto glass slides. Silanation took place at 93 °C for 1 h, while 
maleimide functionalization required 2 h at 80 °C.  
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Figure 2.5 Preparation of maleimide-functionalized glass. Conditions (1) 1 wt.% 
APS in 25:75 ratio by weight of ethanol and water, 1 h 93 °C. (2) 5 wt.% BMI in 
DMF, 2 h 80 °C.  
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2.3.1.1. Thermoset Swelling 
The ability of polymer networks to swell in DMF was evaluated by placing fully 
cured specimens with varying DGEBA:FGE ratios weighing approximately 1.5 g 
in individual vials and filling each vial with 10 mL DMF. Long-term swelling 
studies were performed over 35 days at room temperature (22-23 °C). Swelling 
was measured by removing a polymer specimen from its DMF environment and 
weighing it at regular intervals. Swelling is defined as mass uptake according to 
Equation 2.8.  
(2.8) 
Mt is the mass uptake of DMF and M0 is the initial mass of polymer specimens. 
For specimens that physically degraded as a result of swelling, an attempt was 
made to recover all pieces of the polymer specimen. However, some error was 
introduced as a result of such degradation.  
 
2.3.1.2. Dynamic Mechanical Analysis 
Dynamic mechanical analysis is a nondestructive method of evaluating 
viscoelastic properties of polymer systems. Specimens are sinusoidally oscillated 
with an angular frequency ω. Viscoelastic materials like polymers exhibit both 
elastic and damping behavior.296 Therefore, when a sinusoidal stress is applied to 
a polymer sample, the response will also be sinusoidal. However, it will be out of 
phase as a result of energy dissipation. The dynamic modulus of a material can 
be described as 
!
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(2.9) 
E’(ω) is called the storage modulus and measures the amount of energy stored, 
while E”(ω) is known as the loss modulus and is related to the amount of energy 
dissipated by the material. Damping can be measured by loss tangent: 
(2.10) 
 
 
This parameter is a measure of the internal friction of the system. 
 
Dynamic mechanical analysis was performed with a TA Instruments DMA. Tgs 
were determined for various polymer formulations at a ramp rate of 2 °C min-1 at 
a frequency of 1 Hz and an amplitude of 15 µm using the dual cantilever 
geometry. Tg was defined as the inflection point in the storage modulus curve. 
Specimens were prepared by polishing to the following dimensions: 35 mm × 
12.77 mm × 3.15 mm.  
 
In viscoelastic systems, time is equivalent to temperature. That is, a response at a 
low temperature and long time will be the same as a response at a high 
temperature and short time. This behavior can be represented in a master curve, 
which describes storage modulus as a function of time/temperature.297 A master 
curve is very useful for evaluating relaxations at temperatures or time scales that 
cannot be achieved or accurately measured with available instrumentation. The 
curve is constructed by shifting isothermal curves along the time axis until they 
were all superimposed. One temperature, generally the glass transition 
!
!
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temperature (Tg) is selected as the reference temperature (T0). Each isothermal 
curve is shifted by 
(2.11) 
where aT is the shift factor. It is positive if the curve is shifted to the left and 
negative for movement to the right. 
 
Shift factors can also be described according to the Williams-Landel-Ferry (WLF) 
equation, which relates shift factor and temperature according to this equation:297  
(2.12) 
 
 
The parameters a1 and a2 are calculated from fitting experimental data. The 
equation is useful because shift factors, and consequently modulus values, at any 
temperature can be determined using the desired temperature and the calculated 
constants a1 and a2. 
The information necessary to construct a master curve is collected by performing 
frequency sweeps over a range of temperatures with a dynamic mechanical 
analyzer. The storage modulus is used to construct the master curve and 
determine shift factors, while peaks in loss modulus at each frequency are related 
to the activation energy of each transition, whether it is a glass transition (α 
transition) or some lower energy transition, according to the following 
expression: 
(2.13) 
!
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In Equation 2.13, f is frequency, Ea is activation energy, and R is the universal gas 
constant.110 Furthermore, the information provided from the loss modulus 
analysis show the type of transition. 
 
To obtain the data necessary to construct a master curve, frequency sweeps were 
conducted every 3 °C from 32 to 104 °C over four decades of frequencies (0.01-
100 Hz), two frequencies per decade. 
 
2.3.1.3. Differential Scanning Calorimetry 
Differential Scanning Calorimetry (DSC) is a thermal analysis technique in which 
the amount of heat required to change the temperature of a sample is measured 
and compared to a reference pan. This technique can be used to determine 
properties such as melting temperature (Tm), crystallization temperature (Tc), and 
Tg. DSC can also be used in reactive system to calculate heats of reaction and cure 
kinetics. The glass transition is characterized by an “s” shape and consists of a 
transition from a glassy to a rubbery state and corresponds to a significant 
change in heat capacity due to network relaxation. Tg is generally reported as the 
temperature at the intersection of the tangent lines drawn at the start of the glass 
transition endotherm.298,299 DSC was performed with a TA Instruments DSC 
Q2000. A ramp rate of 10 °C min-1 was selected for scans.  
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2.3.1.4. Fracture Toughness  
Fracture toughness was evaluated in accordance with ASTM D 5045-99. 
Rectangular bars of dimensions 56 mm x 6.35 mm x 12.7 mm were prepared and 
polished. Prior to testing, a notch of 6.35 mm was cut into each specimen and a 
precrack was lightly tapped in the end of this notch with a fresh razor blade. 
Support rollers were placed at a distance of 51 mm from each other with the 
loading cone in the center. Specimens were loaded to failure at a crosshead rate 
of 10 mm min-1. 
 
2.3.1.5. Flexural Strength 
Flexural properties of unreinforced polymers were evaluated in accordance with 
ASTM D 6272-02. Rectangular bars of dimensions 12.7 mm x 5.5 mm x 100 mm 
were prepared and polished, then tested in a four-point bend loading. A span to 
depth ratio of 16:1 was selected with loading noses positioned such that the load 
span comprised 1/3 of the support span. Specimens were loaded to failure at a 
rate of 10.77 mm min-1. 
 
2.3.1.6. Attenuated Total Reflection Fourier Transform Infrared 
Spectroscopy 
Typically, FTIR spectra are collected by light transmission directly through the 
specimen. This is not necessarily the best method, however, since mid IR 
specimen preparation is a precise and time-consuming process. Another 
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technique for sampling a material is attenuated total reflection (ATR) 
spectroscopy. In ATR, the IR beam enters the ATR element and absorbs at the 
ATR element/specimen interface. An exponentially decaying electromagnetic 
field, or an evanescent wave, forms at this interface and propagates into the 
specimen.300 This evanescent wave allows for IR characterization via ATR. A 
Thermo-Nicolet Nexus 870 FT-IR with a single bounce Silver Gate ATR with 
ZnSe crystal from Specac was used for ATR-FTIR spectroscopy of glass slides.  
 
2.3.1.7. Contact Angle Analysis 
The angle that a liquid droplet makes when placed on a surface is dependent on 
the properties of the surface, liquid, and environment. By measuring this angle 
for a variety of known liquids, the energy intrinsic to a surface can be 
determined. Surface energy is the excess bond energy at a surface that exists 
because atoms at a solid surface are pulled toward the bulk, causing bond length 
to decrease.301   
 
The Young-Dupre equation describes the energy at a solid-gas interface, γsv, as a 
function of the energy at the solid-liquid interface, γsl,, the energy at the liquid-
gas interface, γlv, and the contact angle: 
 (2.14) 
γsv is approximated as γs because the difference between them due to vapor 
adsorption is negligible. 
!
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Kaelble assumed that all interactions between dissimilar materials had polar and 
dispersive components, and therefore polar and dispersive components to their 
energies. The result is Equation 2.15, which combines the Young-Dupre equation 
with an expression for γsl which accounts for polar and dispersive components of 
surface energy:302 
(2.15) 
 
Static contact angle were measured using a KSV Instruments CAM 200 as a 
characterization method for glass slides. Glass fibers were characterized with a 
Thermo Scientific Cahn DCA dynamic contact angle system. Surface energies 
were calculated with contact angle values for water, diiodomethane, glycerol, 
and formamide as the liquid phase. Literature values for dispersive and polar 
components of liquid surface tensions were used to determine surface 
energies.302 
2.3.1.8. X-ray Photoelectron Spectroscopy 
X-ray photoelectron spectroscopy (XPS) is a surface characterization technique 
that provides information about the atoms within ≈ 10 nm of the surface. In XPS, 
x-rays bombard the sample surface under vacuum. Adsorption of x-rays results 
in emission of photoelectrons from the sample. The number and kinetic energy of 
these photoelectrons is recorded and the kinetic energy is used to determine 
binding energy, a characteristic property of all elements. 
!
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XPS was performed on glass fibers and slides. XPS analysis of glass slides was 
performed by Daphne Pappas at the U.S. Army Research Laboratory, while 
analysis of glass fibers was performed by Zhorro Nikolov at Drexel University in 
the Centralized Research Facility. 
 
2.3.1.9. Acid-Base Titration 
Acid-based titration was used to determine the number of amine groups per 
gram of amine-functionalized glass fiber. Samples were immersed in water and 
titrated to a pH of 10 with 0.05 N NaOH (Sigma-Aldrich). Specimens were then 
back titrated to a pH of 3 with 0.01 N HCl (Fluka). The inflection point in the 
back titration curve represents the point at which all amines and NaOH are 
consumed. A representative curve is shown in Figure 2.6. Equation 2.16 describes 
the number of amine groups per gram of fiber. 
(2.16) 
V is the volume of HCl, N is the HCl normality, VB is the volume of NaOH, NB is 
the NaOH normality, S is the fiber mass, and NA is Avogadro’s number. 
 
2.3.1.1. Iodine Titration 
Iodine titration is a technique usually used to determine the degree of 
unsaturation of tall oil fatty acids. ASTM D5768-02 was modified in order to use 
the concepts from this technique to determine the number of maleimides per 
!
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gram of fiber. The main changes to this ASTM include increasing the amount of 
sample (fiber), increasing the amount of non-reactive liquid in order to fully 
submerge the sample in liquid, and decreasing the molarity of the sodium 
thiosulfate solution. All of these modifications were perfomed in an attempt to 
improve the sensitivity for maleimides on the fiber surface. 
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Figure 2.6 Representative acid-base titration curves for amine-functionalized 
glass. 
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Approximately 15 g of fiber were chopped and placed in a flask. To that flask 
was added 20 mL of cyclohexane (Sigma-Aldrich) and 5 mL of Wijs solution (0.1 
M ICI, Sigma-Aldrich). The flask was sealed and placed in the dark for 1 h at 
room temperature. After 1 h in the dark, 4 mL of a potassium iodide solution (15 
g KI per 100 mL water) and 20 mL of water were added to the flask. The contents 
of the flask were then titrated again 0.01 M sodium thiosulfate (Sigma-Aldrich) 
until the yellow color had almost disappeared. 1-2 mL of starch indicator 
solution (1% in water, Sigma-Aldrich) was then added and titration continued 
until the blue color disappeared. Blanks containing no fiber were also run 
through the same procedure. 
 
Iodine number is defined by Equation 2.17. 
 (2.17) 
In this expression, B is the volume of sodium thiosulfate solution required for 
titration of the blank, V is the volume of sodium thiosulfate solution require for 
titration of the specimen, N is the normality of the sodium thiosulfate solution, 
and S is the sample mass. Equation 2.18 describes the number of maleimides per 
gram of fiber. 
(2.18) 
  
!
!
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2.3.2. Results 
2.3.2.1. Swelling Studies 
Since the healing agent for this self-healing system is a DMF-based solution, 
swelling in DMF is an important consideration. The results of the equilibrium 
swelling study are given in Figure 2.7. As described in the sample preparation 
section, the composition of the networks being evaluated is specified by the 
weight fraction of FGE or PGE based on the total weight of epoxide-bearing 
monomers. Swelling increases with relative amount of FGE, which is consistent 
with expected changes in network structure. FGE has an epoxy functionality f = 
1, so increased FGE content decreases cross-linking, which allows for greater 
swelling of the network. Additionally, the swelling behavior was evaluated for 
networks where PGE was substituted for FGE at an equivalent wmonomer to study 
the effect of furans within the polymer network when compared to that of 
pendant phenyl groups. The DGEBA-FGE-PACM system with wFGE = 0.4 and the 
DGEBA-PGE-PACM system with wPGE = 0.4 are analogous. The equilibrium 
mass uptake reaches values in excess of 100% for the more lightly cross-linked 
systems. Moreover, the swelling behavior is very similar for the analogous furan- 
and phenyl-functionalized networks described above, suggesting that changes in 
cross-link density are primarily responsible for equilibrium swelling behavior for 
the materials selected. 
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Figure 2.7 Swelling (mass uptake) of thermoset systems in DMF. These values 
represent equilibrium mass uptake values. The crosslink density of a network 
with wFGE = 0.4, wDGEBA = 0.6, and a stoichiometric amount of the PACM cross-
linking agent is practically the same as a thermoset with wPGE = 0.4, wDGEBA = 0.6, 
and a stoichiometric amount of PACM.  
 
 
 
  
146 
2.3.2.1. Thermomechanical Polymer Characterization 
Tgs were determined for various polymer formulations via differential scanning 
calorimetry and corroborated using dynamic mechanical analysis. Figure 2.8 
shows the relationship between Tg and loading of FGE. The Fox Equation, which 
describes the Tg of a multicomponent polymer as a function of relative amounts, 
was used to fit the experimental Tg data.303  
(2.19) 
 
 
In the case of the DGEBA-FGE-PACM system, wa is the weight fraction of 
DGEBA and wb is the weight fraction of FGE as compared to the total weight of 
epoxide-bearing monomers (DGEBA and FGE). Tg,a corresponds to the Tg of a 
system containing a stoichiometric mixture of DGEBA and PACM, whereas Tg,b 
corresponds to the Tg of a system containing a stoichiometric mixture of FGE and 
PACM. The Fox Equation assumes uniform morphology; therefore, the good 
agreement (R2 = 0.956) with the DGEBA-FGE-PACM systems implies that the 
networks are relatively homogeneous. Indeed, no visible signs of phase 
separation were apparent, as all of the samples studied were optically 
transparent.  
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Figure 2.8 Relationship between Tg and FGE content. The decrease in Tg with 
increasing FGE content is in good agreement with the Fox Equation. 
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In the case of the DGEBA–FGE–PGE–PACM systems, wa is the weight fraction of 
FGE and wb is the weight fraction of PGE as compared to the total weight of 
monofunctional epoxide-bearing monomers (FGE and PGE). Tg,a corresponds to 
the Tg of a system containing a 6:4 weight ratio of DGEBA and FGE with a 
stoichiometric amount of PACM, while Tg,b corresponds to the Tg of a system 
with the same cross-link density as the 6:4 DGEBA:FGE system, but containing 
PGE instead of FGE. Figure 2.9 shows the Tg results fit to Equation 2.16. Tg values 
are in good agreement (R2 = 0.984) with the Fox Equation. The large error bars 
can be attributed to the small temperature variation (23 °C) observed between 
the pure FGE system and the pure PGE system. All standard deviations are less 
than 10 °C and are primarily the result of testing error. Slight variations in 
materials, in particular water content of the DGEBA resin, could result in off-
stoichiometry formulations and affect Tg values.295 Since the Fox Equation 
assumes uniform mixing, it can be inferred that the networks were relatively 
homogeneous. No visible signs of phase separation were apparent.  
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Figure 2.9 Effect of FGE content on Tg. All networks have the same cross-link 
density. 
 
 
 
 
  
150 
The network with wFGE = 0.4 was chosen for further characterization and as the 
polymer network for self-healing studies. This network in particular was selected 
for its low Tg (55.6 °C) and high amount of swelling in the healing agent solvent. 
Both factors were assumed necessary to maximize the Diels-Alder bonding 
across a crack surface. This polymer was found to have fracture toughness GIc = 
920 J m-2, tangent modulus of elasticity EB = 3.3 GPa, and flexural strength σ = 73 
MPa. Dynamic mechanical analysis of the material over a range of temperatures 
and frequencies showed a single alpha relaxation with activation energy Ea = 393 
kJ mol-1, corresponding to the glass transition of the material and further 
indicating material homogeneity. The master curve for this On the basis of the 
plateau loss modulus obtained by DMA, a molecular weight between cross-links 
(Mc) of 4.4 kg mol-1 was found. DSC corroborated the DMA-determined Tg with a 
value of 58.6 °C.  
 
2.3.2.1. Maleimide-Functionalized Surfaces 
Figure 2.10 shows typical spectra for APS and BMI functionalized glass surfaces. 
APS glass has been silinated, while BMI glass is APS glass that has been reacted 
with BMI. The characteristic amine peak is visible near 3469 cm-1 in the APS 
spectrum but not in the BMI spectrum, indicating that APS glass possessed 
amine functional groups that were consumed by Michael Addition with 
maleimides. Additionally, the maleimide spectrum contains a broad peak that is 
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consistent with maleimide C–H stretching at 3100 cm-1 and a peak at 1140 cm-1 
that corresponds to maleimide C–N–C stretching.304  
 
Contact angles were measured and surface energies were calculated for slides 
and fibers to demonstrate that similar properties can be accomplished on the 
surfaces of glass slides as well as fibers. Surface energies are given in Table 2.2. 
Values are very close between slides and fibers that underwent the same 
functionalization. Furthermore, there is a noticeable difference between plain 
glass and functionalized, although amine- and maleimide-functionalized glass 
have very similar surface energies. For slides and fibers, the dispersive 
component of surface energy remained relatively constant for the amine- and 
maleimide-functionalized surfaces. However, the polar component for 
maleimide-functionalized glass was greater than that of amine-functionalized 
glass. 
 
XPS was another technique used to characterize the glass surfaces. Results for 
glass functionalized with APS, BMI, and BMI-2300 are shown in Figures 2.11, 
2.12, and 2.13, respectively, and the atomic compositions are summarized in 
Table 2.3. XPS indicated complete and homogeneous coverage of glass surfaces. 
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Figure 2.10 ATR-FTIR spectra of amine-functionalized (APS) and maleimide-
functionalized (BMI) glass slides.  
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Table 2.2 Surface energy values for maleimide- and amine-functionalized glass 
slides and fibers. 
 
 Name! Surface Energy (mN m-1)!
Cleaned Slide! 54.2!
Cleaned Fiber! 46.5!
APS Slide! 33.2!
APS Fiber! 29.2!
BMI Slide! 32.7!
BMI Fiber! 36.8!
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Figure 2.11 XPS of APS-functionalized glass slide. 
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Figure 2.12 XPS of BMI-functionalized glass slide. 
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Figure 2.13 XPS of BMI-2300-functionalized glass fibers. 
  
157 
Table 2.3 Summary of XPS atomic analysis results 
 
 
 
 
C! O! N! Si! Na! Al!
APS! 63.1! 24.9! 4.3! 7.3! 0.5! 0!
BMI! 67.7! 20.5! 4.2! 7.2! 0.3! 0!
BMI-2300! 72.9! 18.3! 6! 1.9! 0! 1.0!
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Amine titration gave a surface concentration of 0.32 amines nm-2, while iodine 
titration gave 0.47 maleimides nm-2 for the BMI system and 0.72 maleimides nm-2 
for the BMI-2300 system. While the BMI value should be less than the amine 
value, they are quite close and indicate complete reaction of amines. The higher 
maleimide surface concentration for BMI-2300 fibers is consistent with the 
structure of BMI-2300, a multimaleimide with an average of 3.5 maleimides per 
molecule. The measured maleimide surface concentrations indicate some 
backbiting occured on BMI-2300-functionalized fibers, whereas effectively no 
backbiting occurred on BMI-functionalized fibers. 
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Chapter 3.  Polymer and Composite Healing 
 
3.1. Introduction 
Following the synthesis described in Chapter 2, polymers were evaluated for 
their ability to heal. Reversibly cross-linked gels were incorporated in a 
traditional epoxy-amine thermoset and acted a secondary phase particulate 
healing agent. Polymer phase cracks in furan-functionalized thermosets were 
healed with multimaleimide solutions, while damage at the polymer-glass fiber 
interfaces in fiber-reinforced composites was healed by compatibly 
functionalizing the fiber surfaces with maleimides. 
 
3.2. Reversibly Cross-Linked Gels 
Current self-healing and remendable systems have limitations in terms of 
number of possible heals (self-healing strategies) and thermal stability 
(remendable and some self-healing strategies). In theory, these limitations could 
be ameliorated by using thermally reversibly cross-linked particles as a 
secondary healing phase within a permanently cross-linked polymer network. 
By including a secondary phase that induces healing through thermoreversible 
bonding, the healing agent would remain capable of localized healing multiple 
times while the mechanical and physical properties of the base thermoset are 
maintained. We report the development of a traditional epoxy-amine thermoset 
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made to heal with the addition of a reversibly cross-linked healing agent, such as 
the gels described in Chapter 2.93 Reversibly bonded networks using this 
chemistry have been previously reported;16,40,76,81,99,101,132 however, none has been 
used as a secondary healing phase. A schematic representation of the composite 
approach to healing is shown in Figure 3.1 with maleimide moieties as triangles, 
furan moieties as notched trapezoids, and Diels-Alder adducts as trapezoids.  
 
3.2.1. Experimental 
3.2.1.1. Fourier Transform Infrared Spectroscopy 
Characterization of Diels-Alder reaction kinetics within the gel was performed 
using FTIR spectroscopy in the near infrared range with a Thermo Nicolet Nexus 
870 FT-IR. Reversible cross-linking was observed by measuring the maleimide 
absorbance peak area at 4875 cm-1.305 A room temperature specimen was heated 
to 90 °C for 1 h and subsequently cooled to room temperature in a sealed glass 
tube.306 After 12 h at room temperature, the heating and cooling cycles were 
repeated. 
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Figure 3.1 Crack healing of a polymer network using a reversibly cross-linked 
network as a secondary particulate healing phase. Heating causes the secondary 
gel phase to liquefy and flow into the crack surface. Upon cooling, cross-links re-
form. 
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3.2.1.2. Compact Tension 
The ability of the reversibly cross-linked gel to function as a healing agent was 
evaluated by measuring the crack healing of modified compact tension 
specimens of DGEBA and PACM via direct application of the healing agent to 
crack surfaces. DGEBA and PACM were mixed in stoichiometric amounts and 
cured for 2 h at 85 °C and 2 h at 165 °C to ensure complete cure and a Tg of 160 
°C. Control healing studies were conducted with no healing agent, an oligomer 
solution in DMF, and pure DMF. 
 
Compact tension specimen preparation was modified from ASTM D 5045-99 
with the introduction of a crack-arresting hole 3.5 mm from the notched end.13,307 
All mechanical testing was performed on an Instron 8872. Figure 3.2 includes a 
schematic of the modified compact tension specimens as well as the testing 
procedure for direct application of the healing agent. The main advantage to the 
modified compact tension specimen is the crack-arresting hole, which allows for 
improved crack realignment during healing. A pre-crack was formed at the base 
of the notch by lightly tapping with a sharp razor blade. Specimens were loaded 
to failure at a rate of 0.1 mm min-1. 
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Figure 3.2 Schematic of compact tension specimen failure and healing. The virgin 
specimen is loaded in tension until a crack forms. Healing agent is injected into 
the crack and the specimen is allowed to heal for 12 h at ambient conditions (≈ 
22 °C).  
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 Once compact tension specimens were fractured, cracks were filled with 10 µL 
of the healing agent (DMF, an oligomer solution, or an oligomer-BMI solution) 
and left to heal at room temperature under minimal pressure (≈ 4.7 kPa) for 12 
h. Prior to injection into the crack, the healing agent was heated at 90°C for 1 h, 
ensuring that the reversibly cross-linked gel healing agent had liquefied to the 
oligomer-BMI solution. After healing, specimens were loaded to failure to 
determine the load recovery for the first heal (heal 1). For subsequent healing 
cycles, specimens were heated at 90 °C for 1 h under no pressure and healed for 
12 h at room temperature under minimal pressure. Minimal pressure during 
healing was provided by placing a 240 g plate on top of specimens. 
 
This testing procedure was repeated until specimens no longer recovered load 
following healing. Healing efficiency (ηn) for compact tension specimens is 
defined as: 
(3.1) 
 
 
Pn is the maximum load for heal n and P0 is the maximum load for the initial 
failure of the specimen. The tests comprising ASTM D 5045-99 are designed to 
characterize toughness in terms of KIc, the critical stress intensity factor, and GIc, 
the critical strain energy release rate. As it pertains to the specimens used, the 
relationship between load and displacement is linear with an abrupt drop in the 
load upon failure. Therefore, GIc scales with crack length, so maximum load is 
proportional to GIc. For healing cycles > 1, specimens were heated at 90 °C for 1 h 
!
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under no pressure and healed for 12 h at room temperature under minimal 
pressure. 
 
To demonstrate the viability of the composite approach to healing, modified CT 
specimens were prepared in which 10 wt.% gel particles were embedded within 
a stoichiometric DGEBA-PACM network. Diffusion of DGEBA and PACM into 
the reversibly cross-linked network was deemed likely, so order of magnitude 
calculations were performed to determine the critical diffusion length before 
gelation of the DGEBA-PACM network. The critical length of diffusion of the 
epoxy-amine reactants into gel particles based on the diffusivities of similar 
molecules was calculated as 807 µm.306,308 Particles of approximately this size 
were formed so as to maximize the homogeneity of the test specimens while still 
allowing for the presence of a mobile healing phase upon heating.  
 
The gel was crushed to a powder possessing particles with an average diameter 
of approximately 660 µm as measured using a Zeiss Axioskop 2 Plus optical 
microscope with Axi Cam. These particles were mixed into a DGEBA-PACM 
resin system, and the composite was cured for 2 h at 60 °C and 2 h at 90 °C. These 
cure conditions were selected over the previous cure conditions because the 
boiling point of DMF is 153 °C and 2 h at 165 °C would remove most DMF from 
the network and significantly lower the mobility of the reversibly cross-linking 
(healing agent) phase. The selected cure cycle resulted in a partially cured system 
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with Tg of approximately 100 °C and comparable load to failure to compact 
tension specimens of DGEBA-PACM cured traditionally. DSC gave a degree of 
conversion of X = 0.922, which is in good agreement with the literature. 21,309  
 
3.2.2. Results 
3.2.2.1. FTIR Analysis of the Gel 
Representative FTIR results for the reversibly cross-linking gel are shown in 
Figure 3.3. The previously described reversible cross-linking was repeatable and 
consistent with FTIR analysis. At room temperature, the cross-linked network is 
a DMF-swollen gel. However, after approximately 20 min at 90 °C, a sufficient 
number of cross-links reverse for the system to liquefy and form a polymer-
bismaleimide solution in DMF. Upon cooling to ambient temperature, gelation 
was observed after approximately 13 h.  
 
Data show the expected increase and decrease of the maleimide peak area with 
increasing and decreasing temperature, respectively. The second heating and 
cooling cycles closely match data from the first heating cycles. Furthermore, 
Figure 3.3 shows that adduct decomposition (the reverse reaction) occurred more 
rapidly than adduct formation (the forward reaction).  
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Figure 3.3 Maleimide peak area during heating (filled points) and cooling (open 
points). Lines record temperature during heating (red lines) and cooling (blue 
lines). 
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These results are consistent with the observed physical behavior. In previous 
work using NMR to characterize Diels-Alder-based dendrimers, McElhanon and 
Wheeler also observed that adduct formation is significantly slower than 
decomposition.125 The forward (Diels-Alder adduct formation) reaction is most 
likely so much slower because it is a bimolecular reaction with diffusion 
limitations, whereas the reverse (Diels-Alder adduct decomposition) reaction is 
unimolecular.  
 
3.2.2.2. Polymer Healing 
The results for strength recovery as a result of direct application of healing agent 
are presented in Figure 3.4. The oligomer and reversibly cross-linked gel are 
labeled as LO and CLG, respectively. The healing values for DMF as the healing 
agent and systems with no healing agent are not shown because no load was 
recovered. 
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Figure 3.4 Load recovery for first heals for linear (LO) and cross-linked (CLG) 
healing agents (left) via direct application of the healing agent and subsequent 
heals for CLG (right).  
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CLG significantly outperformed LO as a healing agent for the first heal. LO 
recovered an average load of 6.3 ± 1.2 N (9.6 ± 3.1% healing efficiency), as 
compared to 25 ± 3.9 N (37 ± 8.3%) for CLG. This large difference in ability as 
healing agents is further evidence that healing in the cross-linking system was 
the result of Diels-Alder bond formation. Although these healing efficiency 
values are relatively small, they could be improved by increasing the oligomer 
chain length or the concentration of the polymer in the gel or by using a higher 
functionality maleimide.   
 
The healing mechanism for the CLG system is based on the Diels-Alder reaction. 
When heated, the oligomer-BMI solution diffuses into the crack surface and the 
oligomer chains interdiffuse into the opposing crack surfaces. As the system 
cools, cross-links form as pendant furans on the oligomer chains react with the 
maleimides on the BMIs. Although interdiffusion plays a role in the healing of 
our systems, the mechanism of strength recovery is very different from that of 
thermoplastic healing studied by Wool, in which the strength recovery is entirely 
dependent upon interdiffusion and entanglement. 171,176 In our system, healing is 
obtained with oligomers that are not long enough to entangle because Diels-
Alder cross-linking results in increasing molecular weight and network 
formation, which “stitches” the crack surfaces together. Additionally, the cross-
linked network formed is stronger than the base oligomer system.  
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DMF increases the mobility of the reversibly cross-linking network. Once the 
system is heated and the gel’s cross-links break apart, the solvent is free to 
diffuse throughout the system. Some of the solvent diffuses into the polymer 
network and causes swelling, while the rest diffuses to the crack surface and 
eventually evaporates. Although swelling of the base polymer network with a 
solvent can be detrimental to the mechanical properties, the amount of solvent 
that is contained within the gel is not significant relative to the polymer mass.  
 
3.2.2.3. Thermoset-Gel Composite Healing 
Healing of DGEBA-PACM containing particles of a reversibly cross-linked gel 
was also investigated. Load recoveries, which are shown in Figure 3.5, are 
appreciable and exhibit the same trends and relative values as DGEBA-PACM 
with direct application of the healing agent. Healing was possible up to five 
times with an average load recovery of 12.1 N (21% healing efficiency) for heals 
1-5. To ensure that any healing observed was not the result of continued reaction 
of the base thermoset, the healing ability of DMF in a DGEBA-PACM system 
cured using this cure cycle was measured. This system did not exhibit healing; 
healing of the 10 wt.% gel composites is therefore the result of reversible cross-
linking of the healing agent across the crack surface. The inability of DMF to heal 
DGEBA-PACM runs counter to the work of Caruso et al.,5,185,188 who observed 
solvent-promoted healing of another epoxy-amine network. The difference in 
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behavior could be due to the much higher cross-link density, Tg, and extent of 
cure (0.922 vs. ≈ 0.7) of our system.  
 
Although the particle-containing composite is successful in healing multiple 
times, it does not properly demonstrate our composite approach to healing. 
Integral to this approach is the idea of significant mobility, which is provided 
through the solvent-containing gel. Studies of the mobility of the gel particles in 
the composite show that the reversibly cross-linked gel does not completely 
liquefy upon heating, presumably because of interpenetration with the epoxy-
amine network during cure. Additionally, as the epoxy and amine molecules 
diffused into the gel, DMF flowed out, further decreasing the mobility of the 
healing agent. One way to potentially increase mobility would be to develop 
chemistries for protective shells around the gel particles to prevent 
interpenetration. Because the composite with a limited-mobility healing agent 
had a healing efficiency of 21%, it is expected that a composite with a mobile 
healing agent would recover even more strength.  
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Figure 3.5 Load recovery for the DGEBA-PACM composite containing a 
secondary particulate CLG phase (left) and optical microscopy of a particle in 
suspension (right).  
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3.3. Solution-Based Healing 
The solution-based approach to self-healing composites improves upon other 
chemistries. By functionalizing an epoxy-amine network and selecting a reactive 
healing agent, a healing system was developed in which the healing agent 
covalently bonds across the crack surface. A solvent is used to deliver the 
covalent bonding agent and to lower viscosity. The low viscosity of the healing 
system aids in delivery of the healing agent to cracks, whereas the combination 
of covalent and physical bonds results in improved load recovery. Work on 
solvent-based healing systems has appeared in the literature in which incomplete 
cure of the material being healed is used to achieve healing as diffusion 
limitations are lowered in the presence of a solvent.185,188 
 
In this work, epoxy-amine thermoset with a tunable Tg was furan-functionalized 
and demonstrated crack healing of this fully cured thermoset using a 
bismaleimide solution at room temperature under minimal pressure.92 Healing 
of glass fiber-reinforced composites was also investigated with three-point bend, 
short beam shear, and double cantilever beam specimens.  
 
3.3.1. Experimental 
3.3.1.1. Compact Tension 
CT specimens of an epoxy-amine thermoset were prepared and tested as 
described in Section 3.2.1.2. Once CT specimens were fractured, the crack was 
  
175 
filled with 10 µL of healing agent using a microsyringe and left to heal at room 
temperature under minimal pressure for 12 h. This healing time was selected 
based on kinetic studies of a previous furan-maleimide system.93 After healing, 
specimens were loaded to failure to determine load recovery for heal 1. Healing 
efficiency was calculated according to Equation 3.1. 
 
Unless otherwise noted, for subsequent healing cycles, specimens were heated at 
90 °C for 1 h under no pressure and healed for 12 h at room temperature under 
minimal pressure. This testing procedure was repeated until specimens no 
longer recovered load following healing.  
 
3.3.1.2. Flexural Strength  
Glass fiber-reinforced composite rectangular specimens with dimensions 125 mm 
× 12.5 mm × 6.35 mm were tested in accordance with ASTM D 790-03. Specimens 
were loaded to failure in flexure at a rate of crosshead motion R = 2.71 mm min-1 
with a 16:1 span to thickness ratio. This large ratio results in tensile failure, 
emphasizing fiber strength. Following failure, holes were drilled into the failure 
site and 25-75 µL of healing agent was injected into the specimen. Specimens 
were then healed at room temperature for one day under pressure. Following 
healing, specimens were again loaded to failure under the same conditions.  
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Fiber-reinforced composites retain residual mechanical properties once failed, 
that is, if a specimen is tested until there is a 40% drop in the stress, subsequent 
loading will result in a stress-strain curve with the maximum value at 60% of the 
initial max stress. To evaluate the healing ability of fiber-reinforced composites, 
we have chosen to compare healed mechanical properties to the mechanical 
properties of failed but unhealed specimens. Equation 3.2 describes healing 
efficiency for three point bend specimens.  
 (3.2) 
 
 
Flexural properties are evaluated with the procedures specified in ASTM D 790-
03. Typically, flexural stress, σf, is reported from ASTM D 790-03. Load (P) is 
proportional to σf. 
 
3.3.1.1. Short-Beam Strength 
Short-beam specimens of glass fiber-reinforced composites were prepared and 
tested in accordance with ASTM D 2344/D 2344M-00 with the following 
dimensions: 50 mm × 12.5 mm × 6.35 mm. Specimens were tested with a span to 
thickness ratio of 3:1. To deliver healing agent to the failure site, we included 
glass capillary tubes in the composite pieces. These capillary tubes were attached 
to pipettes filled with 50 µL of healing agent. Specimens were loaded to failure in 
flexure at a rate of 12.5 mm min-1. Upon failure, healing agent was pushed from 
the pipet into the capillary tube, and subsequently into the failure site. 
Specimens were healed at room temperature for 1-7 days under pressure and 
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were then loaded to failure under the same test conditions. Figure 3.6 shows 
images of a specimen at different points in the testing procedure. This test 
method allows for determination of the short-beam strength, Fsbs of the material, 
which is described below and is proportional to the maximum load. 
 (3.3) 
In Equation 3.3, Pm is the maximum load observed during testing and b and h are 
the specimen width and thickness, respectively. Healing efficiency for short 
beam shear specimens is therefore determined by the following expression: 
(3.4) 
 
 
Typical failure modes for short beam shear specimens include interlaminar 
shear, flexure (compression or tension), and inelastic deformation. 
 
3.3.1.1. Double Cantilever Beam 
Double cantilever beam (DCB) specimens of glass fiber-reinforced composites 
with dimensions 125 mm × 25 mm × 6.35 mm were prepared and tested in 
accordance with ASTM D5528-01. Specimens were loaded in tension at a rate of 2 
mm min-1 to form a precrack, were unloaded, and then were subsequently 
reloaded at the same rate to a crack length of 40 mm.  
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Figure 3.6 Images of short beam specimens testing procedure. The specimen is 
failed (left), healing agent flows from the fiber to the failure site (center), 
allowing for the specimen to heal (right).  
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While still loaded at a crack length of 40 mm, 0.5 g (53 µL) of healing agent was 
injected into the interface between specimen sides. Specimens were healed at 
room temperature for seven days under pressure. Following healing, specimens 
were loaded to a crack length of 40 mm at a rate of 2 mm min-1. This procedure 
allows for calculation of the interlaminar fracture toughness GIc.  
 (3.5) 
In Equation 3.5, P is load, δ is the load point displacement, and a is the 
delamination length. Healing efficiency for double cantilever beam specimens is 
defined as: 
 (3.6) 
 
 
With this testing procedure, GIc increases initially, but stabilizes with 
delamination growth. The GIc values in Equation 3.6 are therefore the stabilized 
value for each system. 
 
3.3.2. Results 
3.3.2.1. Polymer Healing 
The ability of DMF-based BMI solutions to function as healing agents was 
evaluated by measuring crack healing of failed CT specimens via direct 
application of the healing agent to the crack surface. The ability to recover load-
bearing capacity using BMI solutions of different concentrations was measured 
and compared to that of pure DMF as well as heating CT specimens above their 
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Tg at 90 °C for 1 h. Figure 3.7 shows healing efficiencies for the first heal using 
different healing agents as compared to the load at failure of the virgin system. 
Each set of points represents data for a given healing condition and the 
horizontal line marks the average healing efficiency for the set of points.  
 
An average healing efficiency of 28.4 ± 8.3% was observed when pure DMF (C = 
0 M) was used as healing agent and 14.6 ± 11.4% for dry healing above Tg (1 h, 90 
°C). Healing efficiency increased greatly with increasing BMI concentration up to 
0.58 M. The use of BMI healing agent solution with a maleimide concentration of 
0.58 M resulted in an average healing efficiency of 70.0 ± 21.6%, with two data 
points demonstrating healing greater than 100%.  
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Figure 3.7 Healing efficiency of furan-functionalized CT specimens with various 
healing agents, first heal. Healing agents were solutions of BMI in DMF, 
concentration refers to the concentration of BMI. Each dot represents a single 
data point, bars represent average healing efficiency for the data set.  
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Healing efficiency was dependent upon how effectively the healing agent was 
injected into the crack. It is important to note that the healing efficiency of some 
specimens indicate healed strength higher than the initial strength of the virgin 
specimen. These results show the true potential healing capacity of this system. It 
was found that incomplete coverage of the crack surface with healing agent 
resulted in lower healing efficiency. Filling the crack was difficult, in part 
because of the polymer network’s affinity for swelling in DMF. As shown in 
Figure 3.7, load recovery increased with increasing BMI concentration, 
suggesting that covalent bonding is an important mechanism for strength 
recovery. However, healing is possible for systems containing no BMI; therefore, 
healing is not solely the result of covalent bonding across the crack surface 
 
The capacity to heal multiple times was investigated for the 0.58 M BMI solution, 
pure DMF, and 1 h at 90 °C dry treatment. For healing cycles past the first, these 
specimens were heated at 90 °C for 1 h to break apart Diels-Alder adducts and 
soften the polymer network, followed by healing at room temperature under 
minimal pressure for 12 h, when presumably Diels-Alder adducts would have 
the opportunity to reform. Results of these experiments are shown in Figure 3.8.  
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Figure 3.8 Healing efficiency results for multiple healing cycles of furan-
functionalized CT specimens. Two methods were investigated for second and 
third heals: 90 °C for 1 h, room temperature for 12 h (left) or 10 µL DMF, room 
temperature for 12 h (right). Labels describe first heal conditions. Healing agent 
were solutions of BMI in DMF. 
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Specimens healed with 0.58 M BMI recovered 70.0 ± 21.6% and 73.5 ± 7.7% of 
initial strength for the first two heals, respectively. Following the third healing 
cycle, load recovery dropped off significantly and was in the same range as load 
recovery for the two other healing agents. This decrease in healing efficiency 
could be the result of diffusion of BMI molecules away from the crack surface or 
physical degradation of the crack surfaces as a result of multiple failure cycles. 
The abrupt drop indicates that diffusion is more likely. 
 
Additional healing studies were performed in which the reheal procedure was 
modified. Instead of heating at 90 °C for 1 h, 10 µL of DMF was injected in the 
crack surface for each healing cycle past the first. Specimens were then allowed 
to heal at ambient conditions under minimal pressure for 12 h. Results are shown 
in Figure 3.8. In the case of healing with the 0.58 M BMI solution, adding DMF 
resulted in significantly lower healing efficiency than healing using the dry heat 
procedure (22.9 ± 9.7% vs. 73.5 ± 7.7%). Such behavior indicates that perhaps 
additional DMF increases BMI mobility and allows for its diffusion away from 
the crack surface, whereas heating and cooling allow for the breakage and 
reformation of bonds across the fracture surface. Nevertheless, when 0.58 M BMI 
is used for the first healing cycle, healing efficiencies after multiple healing cycles 
remain higher than when DMF is used for the first healing cycle. After three 
healing cycles the 0.58 M BMI-healed system still recovered 21.7 ± 2.2% of the 
initial strength, but the DMF-healed system dropped to 14 ± 2.4% of strength 
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recovered. When specimens were healed with DMF for five cycles no strength 
recovery was demonstrated, whereas some specimens healed initially with 0.28 
or 0.58 M BMI solution showed significant strength recovery even after six 
healing cycles. Those specimens recovered 16.0 and 23.1% of their initial 
strength, respectively. 
 
Healing of analogous furan-free polymer networks was also investigated. This 
was done to further evaluate the role of covalent bonding on healing. The results 
of these experiments are shown in Figure 3.9. Healing of a DGEBA-PACM 
network (wFGE = 0) resulted in 0% healing efficiency for all healing agents. Given 
that healing was observed for maleimide-free healing systems in a lower Tg 
DGEBA-FGE-PACM network (wFGE = 0.4), this inability to heal results from a 
high cross-link density, high Tg, and corresponding low swelling in DMF. A 
furan-free polymer network with the same cross-link density as the DGEBA-
FGE-PACM network with wFGE = 0.4 was prepared using PGE instead of FGE, 
i.e., DGEBA-PGE-PACM (wPGE = 0.4). This polymer had Tg = 74.4 °C according to 
DMA, compared to 55.6 °C for the analogous FGE system. When healed with 
DMF, a healing efficiency of 29.1 ± 4.0% was found, as compared to 35.5 ± 2.2% 
when 0.58 M BMI was used. These values are within error of each other. 
Furthermore, they are close to the 28.4% healing efficiency obtained for the 
DGEBA-FGE-PACM (wFGE = 0.4) system healed using pure DMF.  
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Figure 3.9 Healing efficiency for furan-free networks. This thermoset is a PGE-
modified network with the same cross-link density as the furan-functionalized 
network with wFGE = 0.4. For comparison, the healing efficiency of DMF with the 
furan-functionalized network with wFGE = 0.4 is included. Healing agents were 
solutions of BMI in DMF.  
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It is apparent that the addition of BMI does not significantly affect healing 
efficiency of the furan-free network and it is concluded that covalent bonding 
plays a prominent role in healing furan-functionalized networks with BMI 
solutions. 
 
3.3.2.2. Composite Healing 
Healing of fiber-reinforced composites is a complex process. As compared to a 
neat polymer system, which consists of a single polymer phase, composites have 
resin and fiber phases as well as the high-stress interface between the two. The 
self-healing mechanisms thus far reported in the literature have focused on 
healing of the resin phase,8,194,204,310 although Blaiszik et al. and Peterson et al. 
have reported methods for healing interfacial failure.94,181 It is at this time not 
feasible to heal carbon or glass fiber failure, although autonomous silica 
formation has been considered for glass fibers.311,312 Notwithstanding the 
difficulties associated with healing the reinforcing phase of a composite upon 
failure, it is of value to investigate the degree to which matrix healing provides 
healing in composites fractured in different ways. Therefore, the healing 
behavior of glass fiber/DGEBA-FGE-PACM systems failed in flexure, in short-
beam shear, and in mode I interlaminar fracture have been investigated.  
 
Three point bend specimens were used to evaluate the ability to heal flexural 
failure. Specimens were healed with 0.15 g of 0.58 M BMI solution in DMF by 
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direct injection of healing agent into the failure site as described in the procedure 
section. Representative stress-strain results for three point bend healing are 
shown in Figure 3.10. Healing for 1 day resulted in a negative healing efficiency 
(-5.7%) as defined by Equation 3.2, whereas healing for 7 days gave a healing 
efficiency of 47.9%. Note that healing efficiency is related to the residual strength 
of the material, not the strength of the virgin composite. The stress-strain curve 
for 1 day of healing has a much lower slope (modulus) than the initial specimen 
and the one healed for 7 days. Additionally, the peak in the stress-strain curve 
for 1 day of healing occurs at almost the same stress and strain values as the final 
loading point of the initial curve. The large increase in healing efficiency between 
one and seven days can be attributed to diffusion of solvent out of the composite 
with consequent recovery of modulus as well as a potential increase in covalent 
bonds across the crack surface over the additional 6 days.  
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Figure 3.10 Stress-strain curves for healing of a composite specimen following 
flexural failure. Specimens were healed with 0.15 g of 0.58 M BMI in DMF. The 
virgin specimen’s behavior is shown as a solid line, a specimen healed for 1 day 
is shown as a dashed line, and the curve for a specimen healed for 7 days is 
shown as a dotted line.  
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Short-beam shear specimens were investigated next in an effort to increase the 
relative occurrence of interlaminar failure and potentially provide a composite 
failure mode more dependent on matrix damage. In this case, glass tubes 
containing the healing agent were placed within the composite and allowed to 
rupture in flexure, thus simplifying healing agent delivery. Figure 3.11 shows 
healing efficiency values for a number of healing agent systems. Healing 
efficiencies as defined by Equation 3.4 increased for all systems from 1 day of 
healing to 7 days of healing. No specimens demonstrated a positive healing 
efficiency after 1 day. However, all healing agents resulted in positive healing 
efficiencies, with up to 37.1% after seven days of healing. Healing efficiencies are 
greater in all cases for short-beam shear specimens when BMI is included in the 
healing agent solution; 0.15 g of 0.58 M BMI solution has a greater healing 
efficiency than 0.10 g of 0.58 M BMI solution (19.7 vs 37.1% after 7 days). 
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Figure 3.11 Healing efficiencies for short beam shear specimens after failing and 
healing for 1 or 7 days. Healing agents were solutions of BMI in DMF. Note that 
healing efficiencies are normalized by the load recovery of unhealed specimens. 
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The DCB testing configuration was selected to focus as much as possible on 
failure of the resin phase. Figure 3.12 displays load vs. delamination results for a 
virgin and healed specimen. 67.6% of interfacial strength was recovered. 
Evaluation of the surfaces reveals a large number of exposed fibers. Therefore, 
failure occurs primarily along the resin-fiber interface. Based on optical analysis 
of the fracture surfaces, one surface consisted of 95.0% resin, while the other 
consisted of 34.8% resin. This suggests that approximately 30-35% of the 
interlaminar failure occurred by cohesive failure of the healable polymer. Surface 
composition mapping using FTIR microscopy showed that areas attributed to 
polymer via optical analysis showed high absorbance of chemical moieties found 
in the polymer and healing agent, such as the absorbance at 1713 cm-1 for 
maleimide C-O symmetric stretching.313 Areas attributed to the bare glass fiber 
showed strong absorbance at 1062 cm-1 associated with silicate Si-O-Si 
asymmetric bond stretching.314 Characteristic surface maps focusing in C-O 
stretching and Si-O-Si stretching are shown in Figure 3.13. The average 
interfacial strength found with the DCB tests was 49.6%. The fact that in all cases 
a majority of the interlaminar failure was fiber-matrix adhesive failure suggests 
that healing of the cohesive polymer failure was efficient and complete.  
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Figure 3.12 Load-delamination behavior for a virgin (solid) and healed (dashed) 
double cantilever beam specimen is shown on the left. Specimens were healed 
with 0.5 g of 0.58 M BMI in DMF. Two sides of a specimen following failure are 
shown on the right. Fibers are clearly exposed on one side of the double 
cantilever beam specimen.  
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Figure 3.13 FTIR chemical mapping of the fracture surface of a DCB specimen. 
Blue square indicates area from where mapping was collected. Dashed lines 
show start of delamination, which proceeded during testing from left to right. 
Map on left is focused on absorbance at 1713 cm-1 (maleimide). Map on right is 
focused on absorbance at 1062 cm-1 (glass).  
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3.3.2.3. Proposed Healing Mechanism 
Dependence of healing efficiency on BMI concentration indicates that BMI reacts 
across the crack surface. The primary healing mechanism is covalent bond 
formation across the crack surface. At room temperature furans and maleimides 
react via cycloaddition to form Diels-Alder adducts. In this system, BMI reacts 
with surface furans. If the distance between fracture surfaces is less than the 
length of a BMI molecule, bonding can occur across the crack. Between 60 and 90 
°C, adducts break apart and reform the original furans and maleimides, which is 
how the procedure for healing over multiple cycles was chosen.  
 
Strength recovery of the wFGE = 0.4 network with a BMI-free healing agent as well 
as healing of a furan-free network indicates that a secondary mechanism of 
mechanical interlocking contributes to healing. Mechanical interlocking is related 
to rubber-like behavior, induced either by swelling of the polymer matrix or of 
heating the network above its Tg.170 Solvent-mediated swelling and subsequent 
deswelling results in mechanical interlocking of nodes on opposing fracture 
surfaces. Increasing the temperature above its Tg is postulated to have a similar 
softening effect, although the use of DMF has been demonstrated to have a 
greater softening effect in the investigated networks than increasing the 
temperature 35 °C above the materials’ Tg values. Swelling/softening is 
necessary to facilitate healing via mechanical interlocking of the fracture 
surfaces, which is indicated by the inability of the DGEBA-PACM (wFGE = 0) to 
  
196 
heal under the conditions investigated. This particular thermosetting network 
has been shown to recover significant strength under more extreme temperatures 
and pressures.170  
  
Additionally, swelling brings opposite fracture surfaces into intimate contact 
with each other, allowing for more covalent bonding across the crack surface. 
Swelling or softening is necessary because cracks tend to be on the micrometer 
scale, whereas the BMI molecule is approximately 1.3 nm in length. Figure 3.14 
shows how swelling improves the amount of covalent bonding. When the furan-
functionalized network is fractured, furan groups are exposed along the crack 
surface. The BMI-based healing agent then flows into the crack. The solvent 
diffuses into the polymer, swelling the material and bringing opposing crack 
surfaces into intimate contact with each other. Simultaneously, maleimides in the 
BMI react with polymer-bound furans. Where the distance between the crack 
surfaces is ≤ 1.3 nm, BMI molecules can react with both sides of the crack, 
covalently bonding material and bringing opposing crack surfaces into intimate 
contact with each other, causing interlocking of these crack surfaces. While the 
polymer is swelled, furans along the crack surfaces react with bismaleimides, 
forming covalent bonds across the crack surface. Over time, the solvent 
evaporates and the polymer deswells, but these physical and covalent bonds 
remain. The selected polymer network with wFGE = 0.4 swells to 200% of its 
original weight in DMF.  
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Figure 3.14 Proposed healing mechanism. Green pentagons represent solvent 
molecules, red notched trapezoids represent furans, blue triangles represent 
maleimides, and magenta trapezoids represent Diels-Alder adducts. (a) Healing 
agent is injected in the crack. (b) Solvent swells the polymer network. (c) On the 
nanoscale, furans along the crack surface come into contact with BMIs. (d) BMIs 
react with furans and covalently bond across the crack surface.  
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To optimize healing efficiency, the amount of solvent and BMI must be 
controlled. Too little solvent results in limited swelling and, consequently, little 
mechanical interlocking and covalent bonding. However, too much solvent can 
cause physical degradation of the polymer network or an extended time for 
mechanical properties to be recovered. If there are not enough BMI molecules in 
the healing agent, few covalent bonds can form across the crack surface. Too 
many BMI molecules reduce the probability that a single molecule would react 
twice and bond the crack together. This concept is presented in Figure 3.15. 
 
3.4. Interfacial Healing 
Durability of composites depends on the integrity of the interface and the region 
known as the interphase between the matrix and the reinforcing material.298,315 
Adhesion of the reinforcement to the polymer matrix is essential for load transfer 
from the polymer matrix to the reinforcement material. However, the difference 
in mechanical properties between the matrix and reinforcement material makes 
the interphase region between the two a potential location for stress 
concentration and eventual crack formation, depending on the loading mode. 
Fatigue, whether mechanically or thermally induced, leads to growth of such 
cracks and is a major cause of mechanical failure in composites.316,317 Surface 
treatments and application of a chemical sizing to the reinforcement material are 
options for improving interfacial adhesion and durability.  
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Figure 3.15 The Goldilocks principle in solution-based healing. (a) Insufficient 
solvent results in limited swelling and consequent covalent and mechanical 
bonding. (b) Too much solvent results in physical degradation of the polymer. (c) 
Insufficient BMI in the healing agent results in few covalent bonds formed across 
the damage site. (d) Too much BMI limits the probability that both maleimides 
on a BMI molecule will react, resulting in few covalent bonds formed across the 
crack surface. 
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Improved interfacial properties reduce the effects of fatigue; however, failure is 
inevitable. If reversible covalent bonds can form between the polymer network 
and the reinforcement material, the interphase will be capable of healing, 
resulting in improved lifetime of the composite. Glass surfaces were maleimide-
functionalized so that they that covalently bond thermoreversibly with network-
bound furans through the Diels–Alder reaction.94 A schematic of this system is 
shown in Figure 3.16 with furans as red notched trapezoids, maleimides as blue 
triangles, and Diels–Alder adducts as purple trapezoids. 
 
3.4.1. Experimental 
The healing ability of the fiber–resin interface was investigated with single fiber 
microdroplet pull-out testing.318-320 The testing apparatus was constructed in-
house at the US Army Research Laboratory and has a maximum load rating of 
200 g with a sensitivity of 0.01 g and data collection rate of 1.67 x 10-3 s-1. This 
apparatus was used in a previous report by Gao et al.318 As shown in Figure 3.17, 
a droplet of resin was cured on a single glass fiber. This fiber was embedded 
within a capillary tube, upon which a cotter pin was affixed to attached the fiber 
to the testing apparatus. The droplet was held static while the blades pulled 
down upon the microdroplet at a rate of 0.01 mm min-1. 
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Figure 3.16 Interfacial healing concept. Maleimide functionalization (blue 
triangles) of glass fiber within a furan-functionalized (red notched trapezoids) 
polymer network will result in a thermoreversible, and healable, fiber–network 
interface. 
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Figure 3.17 Representative load–displacement curves for a virgin specimen 
(initial) and for the same specimen before healing but after failure (no heal) and 
after healing (heal). Images are scanning electron micrographs of initial droplet 
before failure (top) droplet after interfacial debonding (bottom), and droplet with 
healed interface (middle). Right: Microscope image of microdroplet testing 
apparatus with SEM images focusing on fiber that microdroplet has been pulled 
across (top) and that microdroplet has not yet been pulled across (bottom).  
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The black solid load–displacement curve in Figure 3.17 is representative of a 
previously untested single fiber microdroplet specimen. Immediately before 
droplet debonding, the load reaches its maximum (Finitial,max). Afterwards, the 
droplet slides along the fiber, exhibiting a fairly constant frictional force 
(Finitial,friction). Testing of a fiber–droplet specimen immediately after interfacial 
failure gives a load–displacement curve like the blue dashed one in Figure 3.4. 
Although there is still a peak in the load (Fnoheal,max), the peak is representative of 
the load required to overcome static friction and is not much higher than the 
frictional force (Fnoheal,friction). Following failure, all specimens were healed for 1 h 
at 90 °C and 12 h at 22 °C and then tested to failure again, as shown by the red 
dotted line. Note the recovery of most of the load (Fhealed,max) and the comparable 
frictional force (Fhealed,friction). Healing efficiency is defined by the following 
equation:  
 (3.7) 
 
 
Equation 3.7 differs greatly from the traditional healing efficiency definition of 
the ratio of the healed to initial maximum force (Equation 3.1). The decision to 
deviate from Equation 3.1 stems from a desire to develop a healing efficiency 
definition in which any positive healing efficiency indicates recovery of 
properties at the interface. Equation 3.7 is a conservative measure of healing 
efficiencies that discounts for frictional and inertial forces. Frictional forces are 
removed through the use of the expressions (Fhealed,max - Fhealed,friction) and (Finitial,max - 
Finitial,friction). We assume that the peak in unhealed force represents the force 
!
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required to overcome the inertia of the microdroplet. Therefore, this force is 
removed from the healing efficiency values through the use of the expression  
(Fnoheal,max - Fnoheal,friction) in the numerator and denominator. The effect of using 
Equation 3.7 instead of Equation 3.1 is that healing efficiencies are significantly 
lowered. However, any specimen that provides a positive healing efficiency has 
recovered properties through either mechanical or chemical bonding at the 
interface as a result of the healing procedure.  
 
Interfacial shear strength (IFSS) values were also calculated for each fiber–resin 
combination tested. Equation 3.8 describes IFSS where τs is IFSS, dfiber is the fiber 
diameter and l is the embedded length of resin.  
 (3.8) 
 
3.4.2. Results 
Healing of the glass–polymer interface was evaluated with single fiber 
microdroplet pull-out testing. To explore the effect of displacement on healing, 
microdroplets were displaced a given amount between 0.01 and 1.2 microdroplet 
diameters prior to healing. These results are presented in Figure 3.18. 
 
 
 
!
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Figure 3.18 Healing of the fiber–resin interface as a function of droplet 
displacement before healing normalized by diameter. Specimens were failed and 
healed for 1 h at 90 °C and 12 h at 22 °C. Specimens consisted of BMI-
functionalized fibers with droplets of the DGEBA–FGE–PACM network. Each 
point represents a data point. Lines indicate averages for each condition. 
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It appears that there is no significant dependence of healing efficiency on 
displacement. The square of the Pearson product moment correlation coefficient, 
r2, is 0.0198, which shows a very low significance in the relationship between 
displacement and healing efficiency. One-way ANOVA did not reject the null 
hypothesis that there is no relationship between displacement and healing 
efficiency. With an f-value of 0.00235, there is no confidence level for which this 
null hypothesis would be rejected; therefore, there is no relationship between 
displacement and healing efficiency, with a high level of confidence. The average 
healing efficiency of all points was 46.8 ± 33.7%.  
 
The high standard deviation results from scatter in the data. Scatter is 
understandable, given that strength values are the result of the statistical 
probability of a given number of bonds cleaving under a specific force. The 
statistical nature of intimate contact may compound the variability from covalent 
bonding, resulting in increased scatter. Two points were identified as outliers as 
they were more than two standard deviations away from the average. Removing 
these values gave an average healing efficiency of 41.2 ± 22.9% with r2 = 0.0064.  
 
Scanning electron microscopy was used to better understand the behavior of this 
system during failure and healing. Upon analysis of images of the trailing and 
leading edges of the fiber in Figure 3.17, it appears that friction of the droplet 
moving along the fiber caused pieces of the droplet at the droplet–fiber interface 
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to physically degrade. These pieces were left along the surface of the fiber and 
resulted in some gaps between the droplet and fiber. However, given that 
healing efficiency does not depend on displacement before healing, it seems that 
these pieces were broken off of the droplet during the initial failure and remain 
as physical artifacts.  
 
The minimum embedded length to ensure that the maximum load experienced 
during interfacial failure is not dependent upon embedded length can be 
calculated from Equation 3.9.321  
 (3.9) 
 
 
In this expression, lc is the critical embedded length, dfiber is the fiber diameter, k is 
a scaling constant that has been experimentally derived for a range of fiber-resin 
systems, Ef is the tensile modulus of the fiber, and Em is the tensile modulus of 
the polymer network. A value of 4.7 for k was calculated from similar fiber-resin 
systems. Using literature values for Ef and Em, an embedded length of 645 μm 
was calculated. However, an embedded length of this size results in fiber failure 
before interfacial debonding.  
 
Droplet diameters were limited to 150–250 µm because it was observed that 
healing efficiency was not dependent on droplet diameter over this range. 
Additionally, the ratio of the maximum load to diameter is relatively constant in 
this range. Below and above this range, the ratio dropped off sharply. For 
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smaller droplets, this could be the result of greater effects of the edge of the 
droplet, while large droplets could experience a decrease in maximum load 
because the droplets become less spherical and more elongated as diameter 
increases. Larger droplets also tend to not be centered on the fiber.  
 
It is interesting to note that in many cases, there are two groups of healing 
efficiency values: one that is aggregated around 15–20% and one that is much 
higher. We believe that the lower set of droplets represent cases where healing 
was incomplete. One possibility in these cases is that the edges of the 
microdroplet were significantly damaged during interfacial failure, thereby 
decreasing the embedded length available for healing.  
 
Systems containing just one type of Diels–Alder functional group (furan or 
maleimide) were selected as controls. The two controls were amine-
functionalized fibers with droplets of the furanfunctionalized network (AF) and 
maleimide-functionalized fibers with droplets of the furan-free network (BP). All 
droplets were displaced 0.2 diameters before healing. Results are shown in 
Figure 3.19. The AF and BP systems demonstrated 9.6 ± 15.5% and 8.0 ± 20.6% 
healing efficiency. In both cases the control systems demonstrated much lower 
healing efficiency than the base healing system. One possible explanation for 
healing in the control systems is that increasing the temperature above the 
polymer network’s Tg could result in mechanical interlocking with roughness 
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and voids on the fiber surface. All of the thermosetting networks investigated 
have Tg values within a 15 °C range, so any healing imparted by mechanical 
interlocking should be relatively constant throughout the systems. 
 
To explore the role that furan concentration plays in interfacial bonding, polymer 
networks of identical cross-link density but varying furan content were 
developed and evaluated with single fiber microdroplet pull-out testing. All 
fibers tested were maleimide functionalized. Healing results are shown in Figure 
3.20. As long as there was furan in the network, furan content did not play a role 
in healing efficiency for the amounts investigated, suggesting that the interfacial 
concentration of furan is much greater than the interfacial concentration of 
maleimide. A furan concentration of 0.4 furan molecules per nm2 of the polymer 
surface was calculated based on network structure for the lowest concentration 
furan-containing system (wFGE/(wFGE + wPGE) = 0.25), indicating that maleimide 
concentration on the surface is lower than this value. Since incorporation of FGE 
reduces Tg, the potential exists that higher Tg networks could have comparable 
healing efficiencies. Future work will investigate ways to control the maleimide 
concentration and how this parameter affects healing and mechanical properties.  
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Figure 3.19 Healing of controls as compared to healing of the Diels-Alder 
functionalized system (BF). Controls contain just one part of the Diels-Alder 
chemistry, either maleimide-functionalized glass and furan-free network (BP) or 
amine-functionalized glass and furan-functionalized network (AF). Specimens 
were failed and healed for 1 h at 90 °C and 12 h at 22 °C. Each point represents a 
data point. Lines indicate averages for each condition. 
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Figure 3.20 Healing of the fiber–resin interface, effect of wFGE on healing 
efficiency. Specimens were failed and healed for 1 h at 90 °C and 12 h at 22 °C. 
Specimens consisted of BMI-functionalized fibers with droplets containing 
varying amounts of FGE with the remainder made up of PGE. Each point 
represents a data point. Lines indicate averages for each condition.  
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The ability of the interface to heal multiple times was investigated because it is 
desirable for a healing system to be effective more than once. Healing efficiency 
decreased in general with each healing cycle, plateauing around the third healing 
cycle at a healing efficiency of 10%. Results are shown in Figure 3.21. However, 
healing was carried out for five cycles successfully in three of the five cases, 
showing that healing is possible at least five times. The decrease in healing 
efficiency most likely resulted from the interfacial damage of multiple 
delaminations.  
 
IFSS results are presented in Figure 3.22. All values are in the same range; 
therefore, the functionalization of the fibers as well as the network does not 
adversely affect IFSS.  
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Figure 3.21 Healing over multiple cycles. Specimens were failed and healed for 1 
h at 90 °C and 12 h at 22 °C. Specimens consisted of BMI-functionalized fibers 
with droplets of DGEBA–FGE–PACM. Each point represents a data point. Lines 
indicate averages for each healing cycle. 
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Figure 3.22 Interfacial shear strength (IFSS) values for various microdroplet–fiber 
conditions. BP = BMI-functionalized fibers, droplets with DGEBA–PGE–PACM; 
1030BFP = BMI-functionalized fibers, droplets with wFGE/(wFGE + wPGE) = 
0.25; 2020BFP = BMI-functionalized fibers, droplets with wFGE/(wFGE + wPGE) 
= 0.5; 3010BFP = BMI-functionalized fibers, droplets with wFGE/(wFGE + 
wPGE) = 0.75; BF = BMI-functionalized fibers, droplets with DGEBA–FGE–
PACM; AF = APS-functionalized fibers, droplets with DGEBA–FGE–PACM; AP 
= APS-functionalized fibers, droplets with DGEBA–PGE–PACM; CF = cleaned 
fibers, droplets with DGEBA–FGE–PACM. 
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Chapter 4. Equilibrium Behavior of the Diels-Alder 
Reaction 
 
4.1. Introduction 
The equilibrium behavior of Diels-Alder bond formation was investigated in 
model (small molecule) systems with FT-NIR spectroscopy. Studies of the 
equilibrium behavior of the Diels-Alder reaction looked at the roles of time, 
temperature, side groups, and stoichiometry on reaction rates and a number of 
kinetic and thermodynamic parameters.  
 
4.2. Experimental 
4.2.1. Specimen Preparation 
Model systems of small furan and maleimide-bearing molecules were prepared 
in solution with DMF as the solvent. Structures of the molecules (furans, 
malemides, and solvent) investigated are shown in Table 4.1. Solutions of FGE 
and PM or PGE and BMI were prepared in DMF. Four formulations of each were 
investigated: 1 M furan and maleimide; 1.5 M furan and maleimide; 0.5 M furan 
and 1 M maleimide; and 2 M furan and 1 M maleimide. Throughout Chapter 4, 
concentration of maleimide, even BMI, refers to maleimide concentration, not 
concentration of the maleimide-bearing molecule. 
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Table 4.1 Chemical structures of furan, maleimides, and solvent for model 
systems studies.  
 
 
 
 
 
 
 
 
Compound Type! Name! Structure!
Furan! Furfuryl glycidyl ether 
(FGE)!
Maleimide! N-phenyl maleimide 
(PM)!
1,1"-(methylenedi-4,1-
phenylene)bismaleimide  
(BMI)!
Solvent! N,N!-dimethylformamide  
(DMF)!
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4.2.2. Fourier Transform Infrared Spectroscopy 
Reaction kinetics were investigated with FT-NIR focusing on the increases and 
decreases in the characteristic maleimide absorbance at 4875 cm-1.305 FT-NIR was 
performed with a Thermo Nicolet Nexus 870 FT-IR. 
 
4.3. Results 
Many methods were investigated in order to develop a comprehensive model of 
the Diels-Alder reaction. Attempts focused on FT-NIR and UV/Vis spectroscopy 
focused on characteristic maleimide peaks. In the end, the most effective method 
of characterization was found to be FT-NIR with calibration curves to correlate 
absorbance and maleimide concentration. 
 
4.3.1.1. Fourier Transform Infrared Spectroscopy 
FT-NIR is a powerful tool that was previously used to characterize the gelation 
and liquefaction of the DGEBA-FA reversibly cross-linking gel.93 FT-NIR was 
then used to monitor reaction progression in small molecule model systems. 
Figure 4.1 shows spectra of BMI solutions in DMF. Note that absorbance at 4875 
cm-1 increases with increasing maleimide concentration. With this knowledge, 
the Diels-Alder reaction can be monitored if a relationship between 
concentration and absorbance can be established.  
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Figure 4.1 FT-NIR spectra of BMI in DMF. Spectra are stacked such that higher 
spectra contain higher concentrations of BMI (maleimide). 
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Maleimide calibration curves were carefully constructed at different 
temperatures by measuring the absorbance at 4875 cm-1 of solutions of 
maleimide (Sigma-Aldrich) in DMF. The calibration curves are shown in Figure 
4.2. Slope of the best-fit lines tend to increase with increasing temperature, 
although this difference is small. With these curves and knowledge of the testing 
temperature, equilibrium concentrations were determined and kinetic analysis 
was performed on reactive solutions of furans and maleimides in DMF.  
 
Figure 4.3 shows maleimide concentration as a function of time for the retro-
Diels-Alder reaction, in which the adduct degrades to reform the reactants (furan 
and maleimide). In this system, full reaction was achieved in approximately 6 
minutes. This equilibration is significantly faster than the forward reaction, in 
which adduct is being formed. Monitoring of the forward reaction is provided in 
Figure 4.4. This difference in speed of reactions has been noted by McElhanon et 
al. and Peterson et al. and derives from the unimolecular nature of the reverse 
reaction, as compared to the bimolecular nature of the forward reaction.93,125  
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Figure 4.2 Maleimide calibration curves. Curves were constructed by measuring 
absorbance at 4875 cm-1 in solutions of maleimide in DMF of know maleimide 
concentration at different temperatures. 
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Figure 4.3 Reverse (maleimide and furan forming) reaction of 1M FGE PM in 
DMF at 90 °C. Concentrations were calculated by assuming that full cleavage of 
the adduct is achieved at 90 °C. 
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Figure 4.4 Maleimide concentration during reaction of furan and maleimide in 1 
M FGE BMI in DMF at 25 °C.  
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Assuming that the reaction is elementary in nature, the Diels-Alder reaction rate 
can be expressed as: 
 (4.1) 
where CA, CF, and CM are the concentrations of adduct, furan, and maleimide, 
respectively, k-A is the reaction rate of the reverse reaction, and kA is the reaction 
rate of the forward reaction.  
 
In a thermoreversible reaction system such as the Diels-Alder reaction of furan 
and maleimide, there exist temperature dependent concentration equilibrium. 
Figure 4.5 shows equilibrium concentrations for the eight formulations of furan 
and maleimide solutions prepared. Maleimide concentration increases with 
increasing temperature, which corresponds to degradation of the adduct with 
increasing temperature. Formulations containing PM and BMI behave similarly; 
however, stoichiometric formulations behave differently than off-stoichiometry 
formulations. For example, formulations with an excess of furan (2 M FGE 1 M 
PM and 2 M FGE and 1 M BMI) demonstrate consistently lower CM than 
stoichiometric formulations. 
 
!
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Figure 4.5 Equilibrium maleimide concentration for different furan and 
maleimide solutions in DMF as a function of temperature. Maleimide 
concentrations were determined using FT-NIR and the calibration curves in 
Figure 4.2. 
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At equilibrium, the forward and reverse reaction rates are equal and Equation 4.1 
can be rewritten as  
(4.2) 
KC is the concentration equilibrium constant and is defined as the ratio of 
reaction rates, which is the same as the ratio of product and reactant 
concentrations. In this case, KC is defined as shown in Equation 4.3. 
 (4.3) 
 
 
The data from Figure 4.5 was analyzed according to Equation 4.3 to provide KC 
values, which are shown in Figure 4.6. KC values decrease with increasing 
temperature, consistent with increased degradation of the Diels-Alder adduct. 
 
The temperature dependence of reaction rates is described according to the 
Arrhenius equation: 
(4.4) 
In Equation 4.4, A is a pre-exponential factor, Ea is a reaction’s activation energy, 
and R is the gas constant. Since the equilibrium constant is simply a ratio of 
reaction rates, KC can also be described as a function of temperature with the 
Arrhenius equation: 
 (4.5) 
 
 (4.6) 
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Figure 4.6 Equilibrium constant values for different furan and maleimide 
solutions in DMF as a function of temperature. Maleimide concentrations were 
determined using FT-NIR and the calibration curves in Figure 4.2. Equilibrium 
constants were calculated from the maleimide concentrations displayed in Figure 
4.5. 
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Equilibrium constant values from Figure 4.6 are fit to Equation 4.6 and plotted as 
lnKC vs. 1/T. The slope of the linear fit of this plot can be used to calculate the 
difference in activation energies of the forward and reverse reactions and the y-
intercept can be used to calculate the ratio of pre-exponential Arrhenius 
constants. Figure 4.7 shows the fit for 1.5 M FGE PM in DMF. Graphs of the fit to 
Equation 4.6 are provided in Appendix A and a summary of the analyses (Ea,r – 
Ea,f and Af/Ar) is given in Table 4.2. 
 
Differences between activation energies fall in the range of 10-30 kJ mol-1, while 
ratios of pre-exponential factors are on the order of 10-2-10-5. If values are limited 
to formulated with R2 > 0.80, then both parameters fall within much smaller 
ranges (15 and 25 kJ mol-1 and 10-3-10-4). There are no systematic differences in 
either of these values. However, the good agreement within these two 
parameters gives strength to their validity.  
 
The power of Arrhenius analysis is that it provides Equation 4.6 provides a direct 
relationship between maleimide concentration and temperature. This is useful 
for determining maleimide concentration at temperatures not measured or for 
estimating equilibrium maleimide concentration in systems in which such 
information cannot be measured directly. 
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Figure 4.7 Arrhenius fit of equilibrium constant data from Figure 4.6 of 1.5 M 
FGE PM DMF.  
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Table 4.2 Table of Arrhenius analysis values. 
 
 
 
 
 
 
Ea,r – Ea,f! Af/Ar! R
2!
1 M FGE PM! 25.5! 1.75x10-4! 0.80!
1 M FGE BMI! 28.0! 9.48x10-5! 0.73!
1.5 M FGE PM! 19.6! 2.03x10-3! 0.88!
1.5 M FGE BMI! 17.8! 4.94x10-3! 0.94!
0.5 M FGE 1 M PM! 32.3! 3.20x10-5! 0.80!
0.5 M FGE 1 M BMI! 23.2! 7.99x10-4! 0.83!
2 M FGE 1 M PM! 11.7! 1.06x10-2! 0.70!
2 M FGE 1 M BMI! 16.5! 2.11x10-3! 0.84!
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The Eyring-Polanski equation follows the same form as the Arrhenius equation 
and describes reaction rate as a function of temperature. However, the Eyring-
Polanski equation differs from the Arrhenius equation in that Gibbs free energy 
is used to relate temperature and reaction rate instead of activation energy and a 
pre-exponential constant. The Eyring-Polanski is given in Equation 4.7. 
 (4.7) 
 
 
kB is Boltzmann’s constant (1.38 x 10-23 J K-1), h is Planck’s constant (6.63 x 10-34 J 
s), and ΔG* is the Gibbs free energy of activation. The linear form of Equation 4.7 
is shown below: 
 (4.8) 
 
 
In Equation 4.8, the definition of Gibbs free energy (G = H – TS) is used to 
separate the linear form of Equation 4.7 into a slope and y intercept, each which 
contain a thermodynamic parameter. ΔH* is the enthalpy of activation and ΔS* is 
the entropy of activation. Since the equilibrium constant is the ratio of reaction 
rates, KC can also be expressed in terms of ΔH* and ΔS*. 
 (4.9) 
 
 
Just as with Arrhenius analysis, lnKC is plotted vs. 1/T and graphs are identical. 
However, with Eyring-Polanski analysis, the slope relates to the difference in 
enthalpies of activation and the y intercept relates to the difference in entropies 
of activation. Table 4.3 summarizes the analysis performed using the Eyring-
Polanski equation. 
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Table 4.3 Table of Eyring-Polanski analysis values. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
!Hr – !Hf" !Sr – !Sf" R
2"
1 M FGE PM" 25.5" 71.9" 0.80"
1 M FGE BMI" 28.0" 77.0" 0.73"
1.5 M FGE PM" 19.6" 51.5" 0.88"
1.5 M FGE BMI" 17.8" 4.42" 0.94"
0.5 M FGE 1 M PM" 32.3" 86.0" 0.80"
0.5 M FGE 1 M BMI" 23.2" 59.3" 0.83"
2 M FGE 1 M PM" 11.7" 37.8" 0.70"
2 M FGE 1 M BMI" 16.5" 51.2" 0.84"
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Non-equilibrium (reacting) systems were also evaluated using FT-NIR. 
Specimens that had equilibrated at 20 °C were placed in an environment at 90 °C 
and the maleimide absorbance was monitored over a period of time. If the 
reverse reaction is much faster than the forward (k-A >>> kA), Equation 4.1 
simplifies to 
 (4.10) 
which, when integrated, becomes an expression for adduct concentration as a 
function of time. 
(4.11) 
The linear form of Equation 4.11 is given below: 
(4.12) 
Maleimide concentration is converted to adduct concentration, and lnCA is 
plotted as a function of time. The slope of this line is –kr, while the y intercept 
relates to initial adduct concentration. With kr values determined from plotting 
lnCA vs. t and KC values from Figure 4.6, kf values can be determined at 90 °C for 
all formulations. Figure 4.8 shows an example plot of lnCA vs. t for adduct 
degradation in a 1 M FGE PM in DMF solution. The same analysis was 
performed on all formulation. Results are summarized in Table 4.4 and plots are 
provided in Appendix B. 
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Figure 4.8 Reaction kinetics of a 1 M FGE PM in DMF at 90 °C. The specimen was 
equilibrated at 20 °C prior to testing. 
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Table 4.4 Summary of reaction rates and initial adduct concentrations at 90 °C 
for all formulations. Specimens were equilibrated at 20 °C prior to testing. 
 
 
 
 
 
 
CA0 data! CA0 fit! kf!
(M-1 s-1)!
kr!
(s-1)!
R2!
1 M FGE PM! 0.65! 0.50! 9.21x10-4! 2.31x10-3! 0.80!
1 M FGE BMI! 0.63! 0.48! 9.31x10-4! 3.04x10-3! 0.79!
1.5 M FGE PM! 0.43! 0.97! 2.64x10-3! 2.36x10-3! 0.88!
1.5 M FGE BMI! 1.12! 1.00! 2.70x10-3! 1.57x10-3! 0.76!
0.5 M FGE 1 M PM! 0.50! 0.31! 1.62x10-3! 8.53x10-4! 0.94!
0.5 M FGE 1 M BMI! 0.44! 0.30! 6.34x10-4! 3.19x10-4! 0.56!
2 M FGE 1 M PM! 0.60! 0.48! 6.88x10-4! 1.88x10-3! 0.66!
2 M FGE 1 M BMI! 0.68! 0.58! 7.36x10-4! 1.80x10-3! 0.77!
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As seen in Table 4.4, forward reaction rates are on the order of 10-3–10-4 M-1 s-1 
and reverse reaction rates are on the order of 10-3-10-4 s-1. Values for reaction rates 
were compared to the literature and fall within the range of previously reported 
rates, which are summarized in Table 1.2.35,42 
 
It should be noted that none of the specimens demonstrate complete conversion 
of furan and maleimide to adduct, even over long times. Bachmann and Kloetzel 
previously observed this phenomenon in the reaction of maleic anhydride with 
various dienes.322 While its stoichiometric reactions with anthracene and 9-
methylanthracene resulted in 99% adduct formation, its reaction with other 
dienes resulted in final conversions ranging from 16 to 84%. The final percent of 
adduct related to structural effects controlling the relative ease of forward and 
reverse reactions. Therefore, incomplete conversion of furan and maleimide 
indicate some structural resistance to full adduct formation.  
 
4.4. Discussion of Diels-Alder Bonding in Model Systems 
Overall, the Diels-Alder reaction follows elementary reaction law well. 
Therefore, furan and maleimide react directly with a single transition state, 
although this transition state has been shown to be unsymmetric.35 
  
The reverse Diels-Alder reaction reaches equilibrium within 5-10 minutes at 90 
°C. The reverse reaction rate is generally 1 order of magnitude greater than the 
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forward reaction rate. As shown in Figure 4.4, model systems require over 12 h 
to equilibrate at 20 °C.  
 
Overall, there is good agreement within results and with literature values when 
they are available. No systematic differences were observed between kinetic or 
thermodynamic parameter values of different solution formulations. 
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Chapter 5. Diels-Alder Bonding in Polymers and 
Composites 
 
5.1. Introduction 
Thermoreversible Diels-Alder bonds have been applied and evaluated 
extensively in the first four chapters of this dissertation. The focus of this chapter 
is the synthesis of all of this information into models to describe the behavior of 
such reversible bonds in the three application previously explained.  
 
Reversibly cross-linked gels were analyzed with FT-NIR (chemical 
characterization) and rheology (mechanical characterization). Solution-based 
bonding was characterized with mechanical testing of modified compact tension 
specimens. Bonding at the fiber-resin interface was characterized with 
microdroplet single fiber pull-out testing.  By characterizing the structure-
property relationship as it pertains to thermoreversible bond formation in each of 
these systems, models for thermoreversible bonding under different conditions 
will be described. 
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5.2. Reversibly Cross-Linked Gels 
5.2.1. Experimental 
Reversibly cross-linked gels were characterized chemically and mechanically. 
This allows for determination of reaction kinetics for gels as well as the 
relationship between bond formation and increases in modulus. 
 
Reversibly cross-linked gels were prepared by mixing the specified amount of 
BMI and pFMA in DMF at room temperature until the polymer was fully 
dissolved, at which point the solution was immediately tested spectroscopically 
and mechanically at 25 °C. Solutions were prepared containing 0.25 M BMI with 
a stoichiometric amount of pFMA in DMF for all pFMA and pFMA-MMA 
molecular weights reported in Chapter 2 (n = 100, 200, 300, 400, 500, 100 FMA – 
200 MMA, 200 FMA – 100 MMA) as well as 0.5 M BMI with a stoichiometric 
amount of pFMA (n = 200) in DMF, 0.5 M BMI 0.25 M pFMA (n = 200) in DMF, 
and 0.125 M BMI 0.25 M pFMA (n = 200) in DMF. In the last two formulations 
the concentration preceding pFMA refers to the concentration of furans, not 
pFMA, and in all cases the concentration preceding BMI refers to the 
concentration of maleimides, not BMI. Therefore, 0.5 M BMI 0.25 M pFMA (n = 
200) in DMF has twice as many maleimides as furans, whereas 0.125 M BMI  0.25 
M pFMA (n = 200) in DMF has twice as many furans as maleimides. 
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5.2.1.1. Rheology 
Rheology of reversibly cross-linked gels was performed with a TA Instruments 
AR 2000ex rheometer in order to evaluate viscoelastic properties as a function of 
time and temperature. Rheological testing was performed in one of two ways: 
shear testing at a rate of 10 Hz and dynamic testing at an displacement of 1 x 10-3 
rad and a frequency of 1 Hz. Shear testing is useful up to the point of gelation 
and provides information about the increase in viscosity with bond formation; 
however, after gelation shear destroys the structure of the gel, so no information 
can be collected for the gelled system. However, because dynamic testing 
displaces only a very small amount, the structure of the gel is maintained and 
increases in modulus between gelation and vitrification can be monitored. 
 
5.2.1.1. Fourier Transform Infrared Spectroscopy 
Reaction kinetics were investigated with FT-NIR focusing on the increases and 
decreases in the characteristic maleimide absorbance at 4875 cm-1.305 FT-NIR was 
performed with a Thermo Nicolet Nexus 870 FT-IR. 
 
5.2.2. Results 
5.2.2.1. Rheology 
Rheology was performed on all of the formulations described in Section 5.2.1. 
Initially, constant rotation of the rheometer geometry was used during testing. 
However, it was found that torsion destroyed the structure of the gel, making it 
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impossible to characterize reversibly cross-linking gels after gelation. Subsequent 
testing was performed in oscillation mode (dynamic mechanical testing) with a 
very small oscillation distance (1 x 10-3 rad), allowing for characterization of 
elastic and viscous moduli after gelation. Torsional testing was useful in that it 
provided constant viscosities up to the point of gelation, indicating limited 
solvent loss for up to 10 h (the longest time prior to gelation observed). 
Therefore, any mechanical properties of the gel reported are the result of the 
polymer phase and not changes in the solvent amount. 
 
Dynamic rheology provides more information about gel formation because it 
does not destroy the gel structure during testing. Dynamic rheology was 
performed on all formulations. Figure 5.2 shows results for 0.25 M BMI pFMA (n 
= 200) in DMF, while the rest of the modulus vs. time graphs are presented in 
Appendix C. Gelation, defined as the crossover point of elastic and viscious 
modulis (G’ and G’’, respectively) according to the Winter-Chambon criterion, 
was observed at t = 2.45 h for the gel in Figure 5.1.77,217,223 Gel times for all 
formulations are summarized in Table 5.1. 
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Figure 5.1 (a) Dynamic rheology of a system consisting of 0.25 M BMI and a 
stoichiometric amount of pFMA (n = 200) in DMF at 25 °C. The system contained 
no Diels-Alder bonds at t=0. (b) Zoom in on the crossover point between G’ and 
G”. 
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Table 5.1 Time to gelation for different reversibly cross-linking gels at 25 °C. All 
gels are in DMF and gelation is defined at the crossover point between G’ 
and G”. 
 
 
 
 
Gel Time (min)!
0.25 M BMI pFMA (n = 100)! 124!
0.25 M BMI pFMA (n = 200)! 95!
0.25 M BMI pFMA (n = 300)! 79!
0.25 M BMI pFMA (n = 400)! 60!
0.25 M BMI pFMA (n = 500)! 67!
0.25 M BMI FMA100-MMA200! 197!
0.25 M BMI FMA200-MMA100! 114!
0.5 M BMI pFMA (n = 200)! 247!
0.5 M BMI 0.25 M pFMA (n = 200)! 408!
0.125 M BMI 0.25 M pFMA (n = 200)! 173!
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In general, gel times decrease with increasing pFMA chain length. Assuming 
similar reaction rates for all 0.25 M BMI pFMA formulations, this observation is 
consistent with the Flory-Stockmayer equation (Equation 5.1), which predicts 
that higher functionality of a reacting unit will result in a lower critical 
conversion to reach gelation.108,323  
(5.1) 
 
Equation 5.1 describes the critical gelation conversion pc for a two-component 
mixture in which it is assumed that all molecules are equally reactive and there 
are no intramolecular interactions. In Equation 5.1, r is the stoichiometric ratio, fF 
is the functionality of the furan-bearing group (n in this case), and fM is the 
functionality of the maleimide-bearing group. Since BMI has a functionality fM = 
2, the expression fM – 1 becomes 1 and does not contribute to the equation. 
Therefore, critical gelation conversion can be described as a function of 
stoichiometry and furan functionality.  
 
From the data in Table 5.1 it was also observed that off-stoichiometry 
formulations required longer to gel than a stoichiometric formulation containing 
the same length pFMA. Gel times were greater for the pFMA-MMA copolymers 
than their pFMA counterparts of same furan functionality, suggesting that the 
decreased mobility of longer chains hampers cross-linking. Furthermore, gel time 
was greater for the higher concentration gel (0.5 M vs. 0.25 M), again indicating 
!
! 
pc =
1
r fF "1( ) fM "1( )
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that decreased mobility decreases the rate of effective cross-linking. Whether the 
decreased mobility decreases the rate of adduct formation (lower kf) or simply 
increases the number of ineffective cross-links that do not contribute to the 
formation of an infinite network (same kf) can be determined with FT-NIR 
spectroscopy. 
 
5.2.2.2. Fourier Transform Infrared Spectroscopy 
FT-NIR was used to characterize maleimide concentration during gelation. 
Figure 5.2 shows maleimide concentration as a function of time during the 
gelation of a system containing 0.25 M BMI with a stoichiometric amount of 
pFMA (n = 200) in DMF. Maleimide concentration decreased with time, 
consistent with the formation of adduct cross-links. Maleimide concentration 
was calculated according to Equation 5.2.  
(5.2) 
 
Equation 5.2 assumes that CA(t = 0) ≈ 0 M,77 so CM (t = 0) = 0.25 M. This is a valid 
assumption given the short time between solution preparation and monitoring 
with FT-NIR as well as the slow reaction kinetics for the forward reaction in 
small molecule systems as shown in Figure 4.4. 
 
 
!
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Figure 5.2 Maleimide concentration as a function of time for the adduct forming 
Diels-Alder reaction in 0.25 M BMI with a stoichiometric amount of pFMA (n = 
200) in DMF. The adduct forming reaction took place as 25 °C. 
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As expected, maleimide concentration decreases slowly but consistently over the 
12 h of monitoring. Through a cursory comparison of reversibly cross-linking gel 
kinetics from Figure 5.2 and small molecule kinetics from Figure 4.4, it is clear 
that the gelling system is much slower than the model system. After 12 h at 25 
°C, conversion of maleimides in the gel system is ≈ 20%, as compared to ≈ 80% 
for the small molecule system. Even at this low level of analysis, it is clear that 
mobility has an effect on reaction kinetics. 
 
Following 12 h at 25 °C , the 0.25 M BMI pFMA (n = 200) in DMF gel was heated 
to 90 °C while maleimide concentration was monitored with FT-NIR. The results 
of this experiment are shown in Figure 5.3. Maleimide concentration rises rapidly 
at first, but appears to equilibrate after approximately 15 min. Fluctuations in 
maleimide concentration take the form of a wave and it is believed that they 
result primarily from slight temperature fluctuations (± 2 °C) in the testing 
apparatus. 
 
The forward (cross-linking) reaction was monitored via FT-NIR for all 
formulations at 25 °C. Graphs of CM vs. t similar to Figure 5.2 were prepared for 
all formulations and are given in Appendix D. 
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Figure 5.3 Maleimide concentration as a function of time for the adduct cleaving 
Diels-Alder reaction in 0.25 M BMI with a stoichiometric amount of pFMA (n = 
200) in DMF. The specimen was cured at 25 °C for 12 h and then monitored at 
90°C using FT-NIR. 
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At 25 °C the forward reaction dominates, so Equation 4.1 simplifies to: 
 (5.3) 
Equation 5.3 can also be expressed in terms of CM. 
 (5.4) 
If furan and maleimide concentrations are equal, the integrated form of Equation 
5.4 is quite simple. 
(5.5) 
 
 
If the amount of furan and maleimide is off stoichiometry, the integrated form is 
slightly more complicated. 
(5.6) 
 
 
Since the forms of 5.5 and 5.6 are different, maleimide concentrations over time 
from FT-NIR are plotted differently to find kf. For stoichiometric formulations, 
1/CM is plotted against t, but for off-stoichiometry formulations, lnCM/CF is 
plotted against t. CF can be expressed in terms of CM, so Equation 5.6 contains 
only one independent variable. The data in Figure 5.2 was fit to Equation 5.5 and 
the CM vs. t data from 0.5 M BMI 0.25 M pFMA (n = 200) in DMF was fit to 
Equation 5.6. Results for these two example systems are shown in Figure 5.4 and 
5.5, respectively. The outcome of this analysis is a value for kf at 25 °C. kf values 
for all formulations are given in Table 5.2 and graphs show best fits for the other 
systems are provided in Appendix D. 
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Figure 5.4 Linear fit of data from Figure 5.2 to Equation 5.5 to determine the 
forward reaction rate. 1/CM as a function of time for the adduct forming Diels-
Alder reaction in 0.25 M BMI with a stoichiometric amount of pFMA (n = 200) in 
DMF. The adduct forming reaction took place as 25 °C.  
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Figure 5.5 Linear fit to Equation 5.6 of maleimide concentration data from the 
adduct forming reaction of 0.5 M BMI 0.25 M pFMA (n = 200) in DMF. The 
adduct forming reaction took place as 25 °C.  
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Table 5.2 Forward reaction rates for the adduct forming reaction at 25 °C of 
reversibly cross-linked gels. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
kf (M
-1 s-1)! R2!
0.25 M BMI pFMA (n = 100)! 2.14x10-5! 0.67!
0.25 M BMI pFMA (n = 200)! 8.01x10-6! 0.62!
0.25 M BMI pFMA (n = 300)! 8.75x10-6! 0.30!
0.25 M BMI pFMA (n = 400)! 1.89x10-5! 0.73!
0.25 M BMI pFMA (n = 500)! 1.49x10-5! 0.36!
0.25 M BMI FMA100-MMA200! 8.27x10-6! 0.43!
0.25 M BMI FMA200-MMA100! 4.15x10-5! 0.15!
0.5 M BMI pFMA (n = 200)! 1.51x10-4! 0.94!
0.5 M BMI 0.25 M pFMA (n = 200)! 8.89x10-6! 0.83!
0.125 M BMI 0.25 M pFMA (n = 
200)!
5.68x10-6! 0.56!
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Forward reaction rate constants are on the order of 10-4–10-6 M-1s-1. In general 
these values agree well with the literature for polymers containing Diels-Alder 
bonds. Literature values range from 9 x 10-6–5 x 10-5 M-1s-1 at temperature from 
20–60 °C. The reaction rate constant for 0.5 M BMI pFMA (n = 200) is somewhat 
outside of this range, so the value may not be accurate. Within the data 
summarized in Table 5.2, there are no systematic trends in the data, although this 
could simply result from the high scatter in the raw data. 
 
5.2.2.3. Mechano-Chemical Analysis 
When spectroscopy and mechanical analysis of a gelling system are combined, 
the critical gelation conversion can be determined experimentally and compared 
to theoretical values calculated using the Flory-Stockmayer equation (Equation 
5.1). Gel times were determined via rheology and the conversion of maleimide at 
that time were determined via FT-NIR spectroscopy of the gel under the same 
conditions to provide the experimental critical gelation conversion. Results are 
summarized in Table 5.3. 
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Table 5.3 Comparison of theoretical and experimental maleimide conversions at 
gelation. Theoretical values were calculated using the Flory-Stockmayer 
equation and experimental values were determined by measuring the 
maleimide concentration spectroscopically at the gel point, which was found 
via dynamic rheology. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
pc 
theoretical!
pc 
experiment
al!
0.25 M BMI pFMA (n = 100)! 0.094! 0.067!
0.25 M BMI pFMA (n = 200)! 0.072! 0.034!
0.25 M BMI pFMA (n = 300)! 0.054! 0.061!
0.25 M BMI pFMA (n = 400)! 0.05! 0.046!
0.25 M BMI pFMA (n = 500)! 0.044! 0.136!
0.25 M BMI FMA100-MMA200! 0.106! 0.040!
0.25 M BMI FMA200-MMA100! 0.088! 0.073!
0.5 M BMI pFMA (n = 200)! 0.072! 0.161!
0.5 M BMI 0.25 M pFMA (n = 200)! 0.101! 0.062!
0.125 M BMI 0.25 M pFMA (n = 
200)!
0.051! 0.057!
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In general, there is good agreement between theoretical and experimental values. 
Differences of a few percent are expected, given the scatter in much of the 
spectroscopic data. Two formulations, 0.25 M BMI pFMA (n = 500) and 0.5 M 
BMI pFMA (n = 200), demonstrate experimental critical conversions that are 
almost 0.1 greater than theoretical values.  
 
Two reasons could explain higher than theoretical conversion at gelation. The 
first reason is that reaction of one maleimide on a BMI molecule decreases the 
reactivity of the second maleimide. The other is that the decreased mobility of a 
BMI bound to a polymer chain decreases the probability that the second 
maleimide will react. The second explanation is more likely given the kinetic 
analysis in Chapter 4, which shows that PM and BMI have similar reaction rates. 
A decrease in the ratio of effective to ineffective cross-links (those that contribute 
to the formation of an infinite network vs. those that do not) could also result in 
higher than expected critical conversions. The two formulations with much 
higher critical conversions have either higher concentration of polymer chains or 
longer polymer chains. These systems would be more susceptible to backbiting 
than the other formulations. 
 
Because reversibly cross-linked gels were characterized chemically and 
mechanically, relationships between modulus and cross-link formation can be 
developed. 
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One advantage to analysis of reversibly cross-linked gels is that they can be 
characterized chemically as well as mechanically. Figure 5.6 combines 
spectroscopic and rheological analysis of a gel forming at 25 °C. As expected, 
maleimide concentration decreased and storage modulus increased with time. To 
explore the kinetics further, spectroscopic data was split into different time 
regimes: before 240 min (before gelation), 240-450 min (after gelation), and 450-
1200 min (after gelation and after the time at which rheometry data was 
collected. Results are shown in Table 5.4. Reaction rate decreased with increasing 
time, indicating the importance of mobility in reaction rate.  This behavior is also 
seen in other step-growth polymers. 
 
The relationship between mechanical properties and adduct formation was 
explored further by examining changes in modulus and maleimide concentration 
with time. As seen in Figure 5.7, prior to gelation bond formation does not result 
in any modulus increase. However, after gelation each additional adduct formed 
increased modulus more than the last bond. After gelation, modulus as a 
function of maleimide concentration is described by Equation 5.7 (R2 = 0.998). 
(5.7) 
In Equation 5.7, G’ is in kPa. While this equation only describes the behavior of 
this particular system, similar equations can be developed for any reversibly 
cross-linked gel and all formulations follow this polynomial form. 
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Figure 5.6 Dynamic rheology and FT-NIR spectroscopy of a system consisting of 
0.5 M BMI and a stoichiometric amount of pFMA (n = 200) in DMF at 25 °C. The 
black line shows the gel point. 
Gelation 
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Table 5.4 Kinetic analysis of 0.5 M BMI and a stoichiometric amount of pFMA (n 
= 200) in DMF at 25 °C for different time regimes. 
 
 
 Time (min)! kf! R2!
Up to 240! 2.94x10-4! 0.97!
240-450! 1.83x10-5! 0.77!
450-1200! 1.14x10-5! 0.83!
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 In an attempt to relate the empirically derived Equation 5.7 to theory, gel 
elasticity was investigated. Equation 5.8 describes the relationship between the 
shear stress of a gel and an applied strain. 
(5.8) 
τs is the shear stress,  νe is the effective number of chains, V is the volume of the 
system, and γ the applied strain. The term relating stress and strain is described 
as the modulus of rigidity. The effective number of chains is twice the number of 
effective cross-links and relates to the actual number of cross-links through 
Equation 5.9 where N is the threshold number of cross-links. 
(5.9) 
Through Equations 5.8 and 5.9, a linear relationship between cross-links and 
modulus can be described. Since the number of cross-links is linearly related to 
the number of maleimides in the system, this provides a first order relationship 
between maleimide concentration and modulus. Equation 5.7 is a function of 
maleimide concentration and maleimide concentration squared, so it initially 
appears as if Equation 5.7 cannot be explained through gel elasticitiy theory.323  
 
However, Flory notes that that Equation 5.9 does not account for entanglements 
and that such a correction would be applied across the entire expression. 
Additionally, he states that this correction would be a function of cross-link 
density.323 Cross-link density is linearly related to maleimide concentration, so in 
this way we have a theoretically derived an expression that follows the form of 
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Equation 5.7. Therefore, it appears that Equation 5.7 is related to the gel elasticity 
of the reversibly cross-linking gel. 
 
5.3. Solution-Based Bonding 
5.3.1. Experimental 
5.3.1.1. Compact Tension Testing 
CT specimens were prepared and tested as described in Section 3.2.1.2. Once CT 
specimens were fractured, the cracks were filled with healing agent using a 
microsyringe and left to heal at room temperature under minimal pressure. After 
healing, specimens were loaded to failure to determine load recovery for heal 1. 
Healing efficiency was calculated according to Equation 3.1. Parameters such as 
healing agent solution amount and composition, CT specimen polymer 
properties, and healing time were varied to better understand solution-based 
bonding. 
 
5.3.2. Results 
Solution-based bonding was investigated further with various formulations of 
the healing agent along with healing at different times and with different 
procedures for multiples healings with the aim of better understanding the 
parameters significant for bond formation between two furan-functionalized 
polymer surfaces. Some of the work presented here, in particular studies of the 
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effects of different healing agent formulations, was performed by Purnomo 
Pratama and will appear in greater detail in his thesis and forthcoming 
publications. As the focus of his work is characterizing solvent and maleimide 
diffusion in furan-functionalized polymers, these issues will not be discussed in 
detail. 
5.3.2.1. Time Effects 
The work in solution-based bonding presented in Chapter 3 used a healing time 
of 12 h at room temperature. This time was selected because previous studies of 
healing via direct application of a reversibly cross-linking gel did not 
demonstrate a significant difference in healing efficiency between 12 h and 24 h 
(37 ± 8.3% vs. 38 ± 18%). Figure 5.7 displays healing as a function of healing time. 
Between application of healing agent and testing, specimens were kept at room 
temperature (23 ± 2°C). For up to the first 24 h, specimens were healed under 
minimal pressure. After that, no more pressure was applied. A decrease of about 
12% in healing efficiency was reported between 12 and 24 hours of healing, while 
healing for 20 days provided in the highest healing efficiency of 86%.  
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Figure 5.7 Healing as a function of healing time. Specimens were loaded to 
failure, healing agent was injected in to the crack, and specimens were left to heal 
for the specified amount of time. 
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A potential explanation for the decrease in healing between 12 and 24 hours is 
related to compact tension testing itself. Compact tension specimens are 
designed to measure the fracture toughness of a material, with higher loads at 
failure corresponding to higher toughness. Specimens after 12 h of healing might 
demonstrate higher failure loads simply because the network still contains some 
amount of DMF, which would lower the Tg and increase the toughness. After 24 
h, more solvent could escape from the polymer network, which would decrease 
the toughness. While some Diels-Alder bonds could presumably form between 
12 and 24 h, the strength gained through these bonds is not enough to 
compensate for the loss in toughness from solvent evaporation, so lower loads to 
failure and healing efficiencies are recorded. However, between 1 and 20 days, 
more Diels-Alder bonds are capable of forming. Although these bonds would 
form at a slower rate due to the reduced mobility of the solvent-free system, over 
19 days many of these bonds are able to form and increase the healing efficiency 
to 86 ± 15%. These results are promising for practical application of this healing 
system, as the system quickly recovers most of its strength and then slowly 
continues to recover almost all of the remainder. 
 
 
5.3.2.2. Solution Effects 
The healing ability of two alternate multimaleimides was investigate and 
compared to that of BMI. The structures off all three multimaleimides are shown 
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in Figure 5.8. BMI, the original multimaleimide, is short (≈ 1.3 nm in length) and 
rigid, with two phenyl groups separating the maleimides on either side of the 
molecule. BMI-TMH is a bismaleimide with an aliphatic chain, and consequential 
greater flexibility. BMI-2300 is an oligomer of phenylmethane maleimide with n 
= 1.5. 
 
Healing agent solutions were tested at the same molar concentration of 
maleimides to evaluate the effect of different multimaleimide structures on 
healing. Results are shown in Figure 5.9. This concentration was 0.58 M for BMI 
and BMI-TMH and 0.26 M for BMI-2300 (due to the number of maleimides per 
molecule, a lower concentration was necessary). Specimens were loaded to 
failure, injected with 10 µL healing agent, healed for 24 h at room temperature 
under minimal pressure, and tested again. All specimens demonstrated 
approximately the same healing efficiency, with values ranging from 50% to 62%. 
This indicates that multimaleimide structure does not significantly affect healing 
efficiency. 
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Figure 5.8 Structures of multimaleimides in healing agent solutions. (a) BMI (b) 
BMI-TMH (c) BMI-2300. 
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Figure 5.9 Healing efficiency for different multimaleimides at the same 
maleimide concentration (CM = 1.16 M). Specimens with wFGE = 0.4 were healed 
with 10 μL of healing agent and healed for 24 h prior to testing the healed 
strength. 
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Next, healing agents were tested at the maximum multimaleimide concentration. 
BMI’s maximum concentration is approximately 0.58 M in DMF, while BMI-
TMH and BMI-2300 have maximum concentrations of 1.16 M and 1.1 M, 
respectively. The outcome of this investigation is shown in Figure 5.10. While the 
BMI-TMH system demonstrated much higher load recovery (83%), the 
maximum concentration of BMI-2300 actually demonstrated significantly lower 
load recovery (38%). The decrease in healing efficiency exemplifies the behavior 
described in Section 3.3.2.3; mainly that too many multimaleimide molecules 
decrease the probability that bonding will occur across the crack surface.  
 
To better understand the role that maleimide concentration plays in load 
recovery, the results from Figures 5.9 and 5.10 as well as those from the healing 
studies described in Section 3.3 were combined and plotted by the maleimide 
concentration. Figure 5.11 gives these results, which can be used to determine the 
optimal multimaleimide concentration for maximum healing efficiency. This 
same data was also normalized to give strength per mol of maleimide and 
strength per molecule of multimaleimide, which is shown in Figure 5.12. The 
load to failure of the polymer healed with pure solvent was subtracted from the 
healed loads before strengths were calculated. 
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Figure 5.10 Healing of specimens with the highest concentration of 
multimaleimide in DMF. Specimens with wFGE = 0.4 were healed with 10 μL of 
healing agent and healed for 24 h prior to testing the healed strength. CM values 
for BMI, BMI-TMH, and BMI-2300 solutions were 1.16 M, 2.32 M, and 3.85 M, 
respectively. 
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Figure 5.11 Healing efficiency as a function of maleimide concentration (CM) for 
different multimaleimides. 
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Figure 5.12 Strength of Diels-Alder bonds across a fracture surface. (a) Bond 
strength per mol of maleimide as a function of healing agent maleimide 
concentration. (b) Bond strength per molecule of multimaleimide in healing 
agent as a function of healing agent multimaleimide concentration.  
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In Figure 5.11, there is a relatively linear increase in healing efficiency with 
increasing maleimide concentration up to approximately 2.5 M. After that point 
there is a sharp drop off in healing efficiency, indicating that the optimal 
maleimide concentration is around 2.5 M (1.25 M BMI, BMI-TMH, 0.71 M BMI-
2300).  
 
The strength that each bond provides was evaluated in two ways. First, healed 
load to failure was normalized to the moles of maleimide in the healing agent. 
Results are shown in Figure 5.12a. The trend of this data shows decreasing 
strength with increasing maleimide concentration, which indicates that the 
probability of a multimaleimide molecule bonding across the crack decreases 
with maleimide concentration, even at relatively low concentrations. However, a 
closer look at the data in Figure 5.12a shows that, with the exception of the BMI-
2300 system, bond strength is relatively constant across concentrations for each 
multimaleimide type. Therefore, the multimaleimide structure does affect 
healing efficiency. However, structure also affects solubility, so while BMI 
demonstrates higher strength per mol maleimide, BMI-TMH provided the 
highest healing efficiency because it is more soluble in DMF. BMI-TMH may be 
less efficient (in terms of strength per mol maleimide) because the aliphatic chain 
allows for backbiting, or reaction of both maleimides with a single surface. 
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The second method of evaluating bond strength was to normalize to the number 
of molecules of multimaleimide in the healing agent. Results are shown in Figure 
5.12b. Again, the effect of multimaleimide type appears to be stronger than the 
effect of multimaleimide concentration. 
 
BMI-2300 represents a special case of bonding across the crack surface. Because 
the average number of maleimides per molecule is 3.5, BMI-2300 can react 
multiple times with both surfaces. Since the strength per maleimide is quite high 
and the strength per multimaleimide is almost twice the next highest value at a 
low concentration, it appears that under these conditions more than two 
maleimides are reacting per molecule. However at a higher concentration the 
strength dropped off, indicating minimal bonding across the crack surface. 
 
An attempt was made to determine the amount of bonding across the fracture 
surface that can be achieved through solution-based bonding. To start with, the 
number of furans on each crack surface of a CT specimen was estimated. A furan 
concentration of 1.6 molecules nm-2 was calculated for the network with wFGE = 
0.4. Calculating the total number of furans on a fracture surface is quite 
complicated. Fracture surfaces of epoxy-amine thermosets contain nodes of 
material that vary widely from 5 to 200 nm tall. 324,325 While work has been done 
characterizing the root mean squared roughness (RRMS), there is not a direct 
relationship between RRMS and surface area. At best, we can determine a range of 
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surface areas and evaluate these results by comparing the relative number of 
furans calculated to be on the surface to maleimides injected into the crack site. 
The lower bound for furan content is achieved when surface area is minimized, 
i.e. a perfectly smooth surface. Such a CT fracture surface would have a surface 
area of 27 mm2 and 4.3 x 1013 furans on both surfaces.  
 
For comparison, 10 μL of 0.58 M BMI contains 3.49 x 1018 BMI molecules. Since 
healing is sensitive to increases or decreases of BMI on the order of 104 
molecules, it seems unlikely that the furan to maleimide ratio would be on the 
order of 105. Therefore, surface area would have to be approximately 104-105 
times greater than that of a perfectly smooth surface, which is quite unlikely. 
 
If the highest healing efficiency was achieved at a stoichiometric ratio of furans 
to maleimides and all of the bismaleimides reacted across the surface, the 
number of furans would have to be 1.4 x 1019 on each surface. This corresponds 
to a surface area of 8.7 m2, a highly unreasonable value. It can then be concluded 
that only a small portion of the bismaleimide remains on the surface and bonds 
across the surface. The remainder diffuses into the polymer network or leaks out 
of the crack.  
 
Healing agents based on toluene were also investigated. Toluene is a nonpolar 
solvent, while DMF is a polar aprotic solvent. As a result, the DGEBA-FGE-
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PACM network with wFGE = 0.4 swells 38% by weight in toluene, as compared to 
200% by weight in DMF. Compact tension specimens were healed with 10 µL of 
0.295 M BMI-TMH in DMF and Toluene and with 10 µL of the pure solvents. 
Results are given in Figure 5.13. Although toluene is not as effective of a solvent 
as DMF, healing agents based on toluene recover more strength. This could relate 
to lower swelling in toluene in that more of the BMI-TMH stays at the surface 
and bonds across the crack because it is less able to diffuse into the polymer 
network with the solvent. 
 
However, when specimens were healed for 20 days, the behavior flipped. 
Healing efficiency of the toluene solution increased to 52 ± 15% and the DMF 
solution’s healing efficiency increased to 82 ± 4.2%. The change in behavior could 
relate to both the swelling ability as well as the volatilities of the two solvents. 
DMF is less volatile and causes the network to swell much more, so it remained 
in the specimens longer, potentially allowing for more bond formation. 
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Figure 5.13 Healing efficiency for pure solvent and BMI-TMH solutions in DMF 
and toluene. 10 μL of healing agent was injected into cracks and specimens were 
healed for 24 h at room temperature under minimal pressure. 
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5.3.2.3. Multiple Heals 
The capacity to heal multiple times was investigated for the 0.58 M and 0.28 M 
BMI solutions. Results of these experiments are shown in Figure 5.14. For healing 
cycles 2 and 3, 10 µL DMF was injected in the crack surface followed by healing 
for 12 h. For healing cycles 3 and 4, specimens were heated at 90°C for 1 h to 
break apart Diels-Alder adducts and soften the polymer network, followed by 
injection of 10 µL DMF in the crack surface and healing at room temperature 
under minimal pressure for 12 h. Presumably, Diels-Alder adducts would have 
more opportunity to form with the addition of DMF to the healing cycle as a 
result of the increased mobility.  
 
In all cases for a given healing cycle, the healing efficiency of specimens 
originally injected with 10 µL of 0.58M BMI solution is higher than that of 
specimens originally injected with 10 µL of 0.28M BMI solution. Healing 
efficiency for both conditions for healing cycles 2 and 3 are higher than if pure 
DMF is used as the original healing agent. This indicates that some BMI 
molecules remain at the surface to induce covalent bonding across the crack 
surface. Additionally, the healing procedure of heating and adding DMF resulted 
in an increase in healing efficiency between cycles 3 and 4 for the 0.58 M BMI 
condition. However, by healing cycle 5 there was no healing for both conditions. 
This is the result of BMI diffusion from the crack as well as physical degradation 
of the surface such that no physical interlocking can occur.  
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Figure 5.14 Healing efficiency results for multiple healing cycles. Specimens 
were healed for 12 h at room temperature for each healing cycles. 
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Since the healing efficiency for both conditions was 0% after healing cycle 5, 10µL 
of the initial healing agent (0.58M or 0.28M BMI in DMF) was injected in the 
crack followed by healing for 12 h under minimal pressure. The jump in healing 
efficiency for healing cycle 6 is based on covalent bonding across the crack 
surface. It is doubtful that there is any significant physical bonding possible at 
this point. 
 
5.3.2.4. Relationship Between Bonding and Strength 
For solution-based bonding, 40% of the strength is derived from physical 
interlocking, with the remaining 60% coming from Diels-Alder bond formation. 
Swelling is also important because it enhances the amount of Diels-Alder 
bonding occurs across the crack surfaces by increasing the probability that 
surfaces are close enough that a multimaleimide can bond across the surface. 
Indeed, in work from the Palmese group by undergraduate researchers Sarah 
Flowers and Natalie Gogotsi, furan-functionalized vinyl ester demonstrated very 
limited strength recovery following application of a bismaleimide solution in 
DMF. Vinyl esters are known to be very chemically resistant and do not swell 
appreciably in DMF. However, it is not necessarily best to use a solvent that the 
polymer network has extreme affinity for. Healing of an epoxy-amine thermoset 
using a toluene-based solution was significantly more effective than healing with 
a DMF-based solution. It is postulated that the high affininty for DMF resulted in 
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increased diffusion of solvent and solute into the polymer and away from the 
crack surface. 
 
It follows that the ratio of maleimides to furans would affect the amount of bond 
formation across a crack.  At low ratios there is limited bonding because few 
multimaleimides are available in the system. However, at high ratios the 
probability that a multimaleimide would react with both sides of a crack is 
greatly reduced. Similar behavior was observed in the gelling systems, where 
gelation was observed at much higher conversions than is predicted by theory. A 
significant limitation to this type of analysis is a lack of understanding of the 
relationship between RRMS and surface area for thermoset fracture surfaces. 
Based on order of magnitude studies, the surface area would have to be 2 orders 
of magnitude greater than the macroscale surface area and the healing agent 
would have to be 0.1% efficient (0.1% of BMI molecules bond at the surface) for 
the ratio of maleimides to furans at the surface to be less than 10. These analyses 
suggest that solution-based bonding is highly inefficient because (1) Healing 
agent does not stay in the crack plane and (2) Healing agent that does stay at the 
crack surface demonstrates limited bonding, either because the majority of BMI 
molecules do not react at all or only react one functional group. Future work in 
this area should focus on understanding the mechanism more fully, particularly 
as it relates to improved bond formation and increased efficiency. 
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5.4. Functionalized Surface Bonding 
5.4.1. Experimental 
The healing ability of the fiber–resin interface was investigated with single fiber 
microdroplet pull-out testing, as described in Section 3.4.1 Briefly, a droplet of 
resin was cured on a single glass fiber, which was then embedded within a 
capillary tube, upon which a cotter pin was affixed to attached the fiber to the 
testing apparatus. The droplet was held static while the blades pulled down 
upon the microdroplet at a rate of 0.01 mm min-1. Following failure, all 
specimens were healed and retested. Healing efficiency was calculated according 
to Equation 3.7. Heating, healing, and testing times were varied and their 
contributions to bond formation at the glass-fiber interface were evaluated. 
Additionally, in some tests an annealing step at 60°C was added in an attempt to 
increase the number of bonds formed through speeding up the kinetics of adduct 
formation. 
 
5.4.2. Results 
5.4.2.1. Time Effects 
The effects of time at 90 °C and room temperature (≈ 22 °C) were investigated. 
The 90 °C condition controls bond cleavage and time at room temperature is 
responsible for bond formation at the interface. However, microdroplet single 
fiber pull-out testing was not found to be a sensitive enough technique to 
investigate reaction kinetics through adjusting time at 22 °C, 90 °C, and an 
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annealing temperature of 60 °C. The results of these inconclusive experiments are 
summarized in Appendix E.  
 
5.4.2.2. Physical Parameters 
The role of network Tg and furan content were evaluated by adjusting the 
amount of furfuryl glycidyl ether (FGE, the furan bearing monomer) in the 
formulation and by replacing some of the FGE with phenyl glycidyl ether (PGE), 
a furan-free monomer that is analogous to FGE but with a phenyl group instead 
of a furan group. Previously we showed that healing efficiency was independent 
of furan content as long as there was furan in the network for networks of 
constant cross-link density. However, this behavior is only valid to wFGE = 0.1. At 
a lower furan content of wFGE = 0.05, a healing efficiency of 16.2 ± 9.2% was 
obtained. This deviates significantly from the observed trend at wFGE = 0.1 and 
above, as seen in Figure 5.15. It is logical to conclude that the decrease in healing 
efficiency is related to a decrease in the number of functional groups available for 
covalent bonding across the interface. Therefore, the optimal furan content of the 
polymer network approximately that of the wFGE = 0.1 network.  
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Figure 5.15 Effect of wFGE on healing efficiency. Specimens consisted of BMI-
functionalized fibers with droplets containing varying amounts of FGE with the 
remainder made up of PGE. 
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Assuming that the furan concentration at the glass-polymer interface is the same 
as the bulk concentration, a surface concentration of 0.4 furan molecules nm-2 
was estimated for the wFGE = 0.1 formulation. Maleimide concentration on the 
fiber surface was determined to be 0.47 maleimide molecules nm-2 from iodine 
titration maleimide-functionalized fibers as explained in Section 2.3. With these 
two concentrations, the ratio of furan:maleimide at the interface was calculated 
to be 0.85. At ratios greater than 0.85, healing efficiency is constant. Therefore, as 
long as wFGE > 0.1, the amount of furan in the network does not affect healing 
efficiency and differences in healing efficiency between two networks with 
varying furan content result from differences in mobility, not amount of furan. 
 
With this in mind, the healing efficiencies of networks with varying Tgs and 
furan contents were evaluated. The results are shown in Figure 5.16. All points 
fall along a line with negative slope (R2 = 0.89). At or above wFGE = 0.1, healing 
efficiency decreases with increasing Tg and increases with increasing mobility. In 
fact, healing of greater than 100% was achieved for the wFGE = 0.6 system, which 
has a sub-room temperature Tg. The relationship between healing efficiency and 
Tg could relate to the amount of time the specimen remains in a rubbery state 
after the adduct cleaving step of 1 h at 90 °C. Mobility is necessary for bond 
formation because it increases the probability that a maleimide and furan will 
come into contact and subsequently react. Specimens with lower Tg vitrify at 
lower temperature and have more time in a mobile state.   
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Figure 5.16 Effect of network Tg on healing efficiency for systems with wFGE = 0.1, 
0.2, 0.3., 0.4, 0.5, and 0.6. Labels refer to wFGE. Specimens were healed at 90°C for 
1 h and at room temperature for 12 h. 
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Since healing efficiency was relatively insensitive to furan content, it was 
assumed that the same behavior would be observed with maleimide content, or 
that healing efficiency would increase with maleimide content because there 
would be more functional groups for furans to react with. The role of maleimide 
content on healing efficiency was investigated by functionalizing glass with BMI-
2300, a multimaleimide containing on average 3.5 maleimide groups per 
molecule. This system demonstrated a slightly higher IFSS (42.9 ± 11.5 MPa vs. 
38.2 ± 14.9 MPa), but almost no healing ability. With a healing efficiency of 0.71 ± 
1.80%, it appears that no bonding was achieved across the interface during 
healing. The reasons for this remain unclear, but are an area of future study. One 
potential explanation for the very low healing efficiency is that the use of a 
multimaleimide resulted in greater force applied per maleimide bearing 
molecule during delamination, which causes larger scale damage that could not 
be repaired. If this is the case, fatigue testing should demonstrate healing ability 
of these fibers although the catastrophic nature of single fiber microdroplet pull-
out testing resulted in effectively no healing. 
 
5.4.2.3. Testing at Alternate Temperatures 
In an attempt to characterize Diels-Alder equilibrium bond formation as a 
function of temperature, single fiber microdroplet specimens were delaminated 
and healed according to the traditional procedure (1 h 90°C, 12 h RT), but were 
tested at different temperatures. Following delamination and healing, specimens 
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equilibrated at the specified temperature for at least 1 h and then were tested at 
this increased temperature. An insulated foam box was constructed around the 
testing stage into which heating elements were placed. The heating elements 
were controlled by an Omega benchtop temperature controller. Healing 
efficiency and healed IFSS are shown in Figure 5.17 for testing temperatures 
ranging from 25 °C to 90 °C.  
 
While there is a temperature dependence to both healing efficiency and IFSS, it 
appears that this dependence is strongest between room temperature and 60°C, 
in the regime at which the adduct-forming (forward) Diels-Alder reaction 
dominates. To explore this behavior further, the results for healing of alternate 
systems (Figure 5.16) were combined with the dataset of Figure 5.17. Healing 
efficiency was plotted vs. T – Tg where T is the testing temperature so as to 
separate the effects of network properties and thermoreversible bonding. Results 
are given in Figure 5.18. The data from Figure 5.16 showed an increase in healing 
efficiency with increasing T- Tg (decreasing Tg); however, the specimens tested at 
a higher temperature display strong deviation from this behavior. The difference 
between the two trends can be used to determine the amount of covalent 
bonding as a function of temperature. Combining this with the relationship 
between mobility and bond formation discussed above, a model to describe bond 
formation at the glass-polymer interface can begin to be described.  
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Figure 5.17 Healing at alternate temperatures. Black circles show healing 
efficiencies, blue squares show IFSS values for delamination of healed specimens. 
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Figure 5.18 Healing efficiency as a function of T-Tg where T is the testing 
temperature. Black points are from Figure 5.16 and represent data from testing at 
room temperature, while red points are from Figure 5.17 and represent data from 
wFGE = 0.4 specimens that were tested at increased temperatures. 
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In Figure 5.18, healing efficiency as a function of T – Tg for networks with 
varying Tgs tested at room temperature follows Equation 5.10 (R2 = 0.87). 
(5.10) 
In comparison, healing efficiency as a function of T – Tg for the wFGE = 0.4 
network tested at varying temperatures, also shown in Figure 5.18, is described 
by Equation 5.11 (R2 = 0.79). 
(5.11) 
The difference between these two expressions describes the effect of debonding 
at different temperatures and should result primarily from the difference in the 
number of adducts formed across the interface. According to Equations 5.10 and 
5.11, healing efficiency decreased by 1.09% for each increase of 1 °C in testing 
temperature. Since the definition of healing efficiency used discounts for inertial 
and frictional forces, the decrease of ≈ 1% °C-1 actually corresponds to a decrease 
in the number of adducts across the surface of ≈ 1% °C-1. 
 
 
 
!
! 
" T #Tg( ) = 0.8315 T #Tg( ) + 73.749
!
! 
" T #Tg( ) = #.3612 T #Tg( ) + 28.124
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Chapter 6. Conclusions and Future Work 
 
In the course of this dissertation research, three novel healing systems have been 
developed: a reversibly cross-linking network that can be used as a secondary 
phase healing agent for traditional thermosets; a compatibly functionalized 
thermoset-healing agent system in which network damage is healed through 
covalent bond formation across the crack surface; a thermoreversible and 
remendable glass fiber-polymer interface achieved through compatible 
functionalization of the fiber surface and polymer network. These systems were 
used to elucidate the role of mobility in thermoreversible bond formation. 
 
In the first system, a reversibly cross-linking gel was prepared for use as a 
healing agent for traditional epoxy-amine thermosets. Direct application of the 
reversibly cross-linking network to a crack surface in an epoxy-amine thermoset 
resulted in recovery of 37% of the initial epoxy-amine network’s strength. 
Composites in which the reversibly cross-linking gel was incorporated as a 
secondary particulate phase recovered 21% of the initial composite strength after 
the first healing cycle, with healing possible up to five times. 
 
Although gels were initially prepared through the reaction of furfurylamine and 
diglycidyl ether of bisphenol-A and the cross-linking of this polymer with 
bismaleimide, later generations of gels were based on furan-functionalized 
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chains synthesized via atom transfer radical polymerization (ATRP) of furfuryl 
methacrylate. It was found that ATRP offered higher molecular weights, lower 
polydispersities, and greater control over molecular weight. 
 
For the second system, a furan-functionalized polymer network was designed 
that can heal via covalent bonding across the crack surface with the use of a 
healing agent consisting of a bismaleimide (BMI) in solution. Average healing 
efficiencies of approximately 70% were observed. While the primary healing 
mechanism was covalent bond formation across the crack, a secondary 
mechanism of mechanical interlocking of polymer nodes on opposing crack 
surfaces also contributed to strength recovery. Additionally, solvent-induced 
swelling brings fracture surfaces into intimate contact with each other, allowing 
for more covalent bond formation across the crack. Swelling is necessary because 
crack in epoxy-amine thermosets tend to be on the micrometer scale, whereas the 
BMI molecule is only 1.3 nm in length.  
 
In the third system, the reversible Diels–Alder reaction between a furan-
functionalized epoxy-amine thermosetting matrix with a maleimide-
functionalized glass fiber was used to impart remendability at the polymer–glass 
interface for potential application in glass fiber-reinforced composites. Healing of 
the interface was investigated with single fiber microdroplet pull-out testing. 
Following complete failure of this interface, significant healing was observed, 
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with some specimens recovering over 100% of the initial properties. Healing 
efficiency was not affected by the distance of displacement, with an overall 
average of 41% healing efficiency. Up to five healing cycles were successfully 
achieved. This is the most effective system in the literature for healing of 
interfacial failure. 
 
The Diels-Alder reaction was characterized over a range of mobilities, beginning 
with model conditions and proceeding to less mobile systems such as reversibly 
cross-linking gels, bismaleimide solution-based bonding of furan-functionalized 
thermosets, and bonding between maleimide-functionalized fibers and furan-
functionalized thermosets. Model conditions consist of small molecules in 
solution. In this case mobility is not a concern and reaction kinetic parameters 
determined via FT-NIR spectroscopy agree well with literature values. 
 
Reversibly cross-linking gels are liquid to the point of gelation, then solvent-
swollen polymer networks after gelation. This system is less mobile than the 
model system thanks to diffusion limitations imposed by polymer chains in the 
liquid phase and the polymer network in the gel phase. Increased mobility 
within the gel systems decreased gelation time, while increased functionality also 
decreased gelation time in accordance with Flory-Stockmayer gelation theory. 
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In the case of solution-induced bonding, furans are confined to the polymer 
surfaces, while bismaleimide molecules are mobile. This system is quite 
complicated because of solvent-induced swelling and softening of the polymer 
network as well as diffusion of bismalemide molecules into the polymer 
network. Bismaleimide in solution diffuses much faster into the polymer 
network than it reacts at the surface. As a result, orders of magnitude more 
bismaleimide is required to achieve optimal healing efficiency than could 
possibly react at the surface. 
 
The final system is the least mobile and consists of furans bound to a polymer 
reacting with maleimides bound to a glass surface. It was found that mobility 
plays an important role in the formation of Diels-Alder adducts, as Diels-Alder 
bond formation is effectively halted upon vitrification of the polymer network. 
Testing performed above 60 °C deviates significantly from the trend of increasing 
healing efficiency with increasing mobility, suggesting that Diels-Alder bonds 
play a major role in strength recovery at the fiber-polymer interface. In this 
system in particular, there exist ideal formulations that balance the physical and 
mechanical properties necessary for a given application with the desire to 
maximize healing efficiency. Increased mobility tends to increase bond 
formation; however, an aircraft fuselage cannot have a Tg below room 
temperature.  
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Although in general mobility increases bond formation, increased healing 
efficiency was achieved in the solution-based bonding system with a less 
effective solvent because it limited diffusion of BMIs away from the crack 
surface. Optimal Diels-Alder bond formation occurs at when the furans and 
maleimides are near stoichiometry for the solution-based bonding systems. Too 
much of any one group limits strength as a result of limited bonding of both 
functional groups on a bismaleimide. For the interfacial bonding system, once a 
critical relative concentration of furans is achieved, healing is insensitive to furan 
content and mobility is the dominant force in determining amount of bonding.  
 
This dissertation work has greatly expanded the field of remendable materials 
based on the Diels-Alder reaction. While major advances have already been 
achieved and numerous novel systems have been developed, this research also 
has the potential to lead to many more advances. Paths of future work include: 
• More in depth reaction kinetics analysis, develop techniques for UV/Vis 
spectroscopy, corroborate spectroscopy with calorimetry. 
• Additional characterization of reversibly cross-linking gels including 
creep behavior and deviation from viscoelastic (WLF) theory. 
• Methods for incorporation of reversibly cross-linked gels in traditional 
thermosets. 
• Encapsulation strategies for DMF-based solutions and evaluation of long 
term stability. 
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• Development and characterization of novel furan-functionalized polymer 
networks. 
• Solution-based bonding with controlled surfaces. 
• Characterization of interfacial remendability with single fiber 
fragmentation and in composite pieces. 
• Development of a water-based sizing process for maleimide 
functionalization of glass fibers. 
• Combining methods for healing interlaminar and interfacial damage. 
• Applying these strategies to systems with another thermoreversible 
reaction (preferably one that reverses at a higher temperature). 
 
Pursuing any of the research paths could lead to more novel healing strategies as 
well as a richer understanding of thermoreversible bond formation. 
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Appendix A: Model System Arrhenius Analysis 
 
 
 
 
Equilibrium concentrations were analyzed by graphing lnKC vs. 1/T. It should be 
noted that 1 M BMI corresponds to 1 M of maleimide, not 1 M of BMI. 
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Figure A.1 Arrhenius fit of 1 M FGE PM in DMF. 
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Figure A.2 Arrhenius fit of 1 M FGE BMI in DMF. 
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Figure A.3 Arrhenius fit of 1.5 M FGE PM in DMF.  
  
319 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure A.4 Arrhenius fit of 1.5 M FGE BMI in DMF.  
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Figure A.5 Arrhenius fit of 0.5 M FGE 1 M PM in DMF.  
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Figure A.6 Arrhenius fit of 0.5 M FGE 1 M BMI in DMF.  
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Figure A.7 Arrhenius fit of 2 M FGE 1 M PM in DMF.  
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Figure A.8 Arrhenius fit of 2 M FGE 1 M BMI in DMF.  
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Appendix B: Retro-Diels-Alder Reaction in Model Systems 
 
 
 
 
The reverse Diels-Alder reaction was monitored at 90 °C and the results for a 
number of formulations are provided here. Data is fit to Equation 4.12. It should 
be noted that 1 M BMI corresponds to 1 M of maleimide, not 1 M of BMI. 
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Figure B.1 Retro Diels-Alder reaction of 1 M FGE PM in DMF at 90 °C.  
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Figure B.2 Retro Diels-Alder reaction of 1 M FGE BMI in DMF at 90 °C.  
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Figure B.3 Retro Diels-Alder reaction of 1.5 M FGE PM in DMF at 90 °C.  
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Figure B.4 Retro Diels-Alder reaction of 1.5 M FGE BMI in DMF at 90 °C.  
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Figure B.5 Retro Diels-Alder reaction of 0.5 M FGE 1 M PM in DMF at 90 °C.  
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Figure B.6 Retro Diels-Alder reaction of 0.5 M FGE 1 M BMI in DMF at 90 °C.  
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Figure B.7 Retro Diels-Alder reaction of 2 M FGE 1 M PM in DMF at 90 °C.  
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Figure B.8 Retro Diels-Alder reaction of 2 M FGE 1 M BMI in DMF at 90 °C.  
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Appendix C: Dynamic Rheology of Reversibly Cross-
Linked Gels  
 
 
 
 
Dynamic rheology was performed on a number of formulations of reversibly 
cross-linked gels. Solutions were prepared and immediately tested at 25 °C at a 
displacement of 1 x 10-3 rad. Gelation is defined as the crossover point in the 
elastic and viscous moduli. 
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Figure C.1 Dynamic rheology of a system consisting of 0.25 M BMI and a 
stoichiometric amount of pFMA (n = 100) in DMF at 25 °C. The system contained 
no Diels-Alder bonds at t=0. (b) Zoom in on the crossover point between G’ and 
G”. 
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Figure C.2 Dynamic rheology of a system consisting of 0.25 M BMI and a 
stoichiometric amount of pFMA (n = 200) in DMF at 25 °C. The system contained 
no Diels-Alder bonds at t=0. 
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Figure C.3 Dynamic rheology of a system consisting of 0.25 M BMI and a 
stoichiometric amount of pFMA (n = 300) in DMF at 25 °C. The system contained 
no Diels-Alder bonds at t=0.  
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Figure C.4 Dynamic rheology of a system consisting of 0.25 M BMI and a 
stoichiometric amount of pFMA (n = 400) in DMF at 25 °C. The system contained 
no Diels-Alder bonds at t=0.  
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Figure C.5 Dynamic rheology of a system consisting of 0.25 M BMI and a 
stoichiometric amount of pFMA (n = 200) in DMF at 25 °C. The system contained 
no Diels-Alder bonds at t=0.  
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Figure C.6 Dynamic rheology of a system consisting of 0.25 M BMI and a 
stoichiometric amount of pFMA-co-MMA (n = 100 for FMA, m = 200 for MMA) 
in DMF at 25 °C. The system contained no Diels-Alder bonds at t=0.  
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Figure C.7 Dynamic rheology of a system consisting of 0.25 M BMI and a 
stoichiometric amount of pFMA-co-MMA (n = 200 for FMA, m = 100 for MMA) 
in DMF at 25 °C. The system contained no Diels-Alder bonds at t=0.  
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Figure C.8 Dynamic rheology of a system consisting of 0.5 M BMI and a 
stoichiometric amount of pFMA (n = 200) in DMF at 25 °C. The system contained 
no Diels-Alder bonds at t=0. 
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Figure C.9 Dynamic rheology of a system consisting of 0.5 M BMI and 0.25 M 
pFMA (n = 200) in DMF at 25 °C. The system contained no Diels-Alder bonds at 
t=0. Concentration of pFMA refers to the concentration of furans. 
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Figure C.10 Dynamic rheology of a system consisting of 0.125 M BMI and 0.25 M 
pFMA (n = 200) in DMF at 25 °C. The system contained no Diels-Alder bonds at 
t=0. Concentration of pFMA refers to the concentration of furans. 
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Appendix D: Diels-Alder Reaction in Reversibly Cross-
Linking Gels 
 
 
 
 
The Diels-Alder reaction was monitored using FT-NIR spectroscopy focusing on 
the maleimide peak at 4875 cm-1. Maleimide concentration for stoichiometric 
formulations were plotted according to Equation 5.5 and off-stoichiometry 
formulations were plotted according to Equation 5.6. 
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Figure D.1 Maleimide concentration as a function of time for the adduct forming 
Diels-Alder reaction in 0.25 M BMI with a stoichiometric amount of pFMA (n = 
100) in DMF. The adduct formation reaction took place as 25 °C. 
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Figure D.2 Maleimide concentration as a function of time for the adduct forming 
Diels-Alder reaction in 0.25 M BMI with a stoichiometric amount of pFMA (n = 
200) in DMF. The adduct formation reaction took place as 25 °C. 
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Figure D.3 Maleimide concentration as a function of time for the adduct forming 
Diels-Alder reaction in 0.25 M BMI with a stoichiometric amount of pFMA (n = 
300) in DMF. The adduct formation reaction took place as 25 °C. 
 
 
 
 
  
348 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure D.4 Maleimide concentration as a function of time for the adduct forming 
Diels-Alder reaction in 0.25 M BMI with a stoichiometric amount of pFMA (n = 
400) in DMF. The adduct formation reaction took place as 25 °C. 
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Figure D.5 Maleimide concentration as a function of time for the adduct forming 
Diels-Alder reaction in 0.25 M BMI with a stoichiometric amount of pFMA (n = 
500) in DMF. The adduct formation reaction took place as 25 °C. 
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Figure D.6 Maleimide concentration as a function of time for the adduct forming 
Diels-Alder reaction in 0.25 M BMI with a stoichiometric amount of pFMA-co-
MMA (n = 100 for FMA, m = 200 for MMA) in DMF. The adduct formation 
reaction took place as 25 °C. 
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Figure D.7 Maleimide concentration as a function of time for the adduct forming 
Diels-Alder reaction in 0.25 M BMI with a stoichiometric amount of pFMA-co-
MMA (n = 200 for FMA, m = 100 for MMA) in DMF. The adduct formation 
reaction took place as 25 °C. 
 
 
 
  
352 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure D.8 Maleimide concentration as a function of time for the adduct forming 
Diels-Alder reaction in 0.5 M BMI with a stoichiometric amount of pFMA (n = 
200) in DMF. The adduct formation reaction took place as 25 °C. 
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Figure D.9 Maleimide concentration as a function of time for the adduct forming 
Diels-Alder reaction in 0.5 M BMI with 0.25 M pFMA (n = 200) in DMF. The 
adduct formation reaction took place as 25 °C. Concentration of pFMA refers to 
the concentration of furans. 
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Figure D.10 Maleimide concentration as a function of time for the adduct 
forming Diels-Alder reaction in 0.125 M BMI with 0.25 M pFMA (n = 200) in 
DMF. The adduct formation reaction took place as 25 °C. Concentration of pFMA 
refers to the concentration of furans. 
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Appendix E: Microdroplet Single Fiber Pull-Out Testing  
 
 
 
 
Microdroplet single fiber pull-out testing was performed in which the healing 
procedure was modified. Time at 90 °C and room temperature were varied. The 
results are shown in Figures E.1 and E.2, respectively.  
 
Based on the data shown in Figure C.1, it appears that there is an increase in 
healing efficiency with time at 90 °C up to two hours, followed by a gradual 
decrease. The increase in healing efficiency would be consistent with increased 
bond cleavage up to two hours. However, after that point some secondary 
interaction, perhaps homopolymerization of maleimides or degradation of 
furans, dominates and healing efficiency increases. The f value comparing all 
conditions is 1.34, which is less than the value required to reject the null 
hypothesis, so any variations are statistically insignificant. 
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Figure E.1 Healing efficiency as a function of time at 90 °C. All specimens were 
healed for the specified amount of time at 90 °C followed by 12 h at room 
temperature. 
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Figure E.2 Healing efficiency as a function of time at room temperature. All 
specimens were healed for 1 h at 90 °C followed by the specified amount of time 
at room temperature. 
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The lowest healing efficiency shown in Figure C.1 is the condition that all 
previous work was conducted at, 12 h at room temperature. There is a significant 
amount of scatter for short amounts of time at room temperature, but values 
appear to equilibrate by 12 h and even increase slightly after a full 24 h at room 
temperature. The f value comparing all conditions is 1.19, which is less than the 
value required to reject the null hypothesis, so any variations are statistically 
insignificant. 
 
Overall, no effects of heating or healing time were deemed statistically significant 
with α = 0.05. This lack of effect is most likely the result of the lack of sensitivity 
of microdroplet single fiber pull-out testing. The overall average for all data is 
46.55 ± 36%. 
 
The effect of annealing at an intermediate temperature was also analyzed. 
Specimens were healed at 90 °C for 1 h, annealed at 60 °C, and then healed at 
room temperature for 12 h. The results are shown in Figure C.3. Healing 
efficiency decreases slightly after 2 h, but this result is nowhere near to 
statistically significant (f = 0.375). 
 
With these results, it became apparent that healing for different amounts of time 
was not an effective technique for investigating bond formation kinetics at a 
resin-reinforcement interface. 
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Figure E.3 Healing efficiency as a function of time at 60°C. Specimens were 
healed at 90°C for 1 h, annealed at 60°C for the specified amount of time, and 
healed at room temperature for 12 h. 
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